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A  laboratory  test  program  on  abrasion-erosion  resistance  of  concrete, 
including  the  development  of  a  new  underwater  abrasion-erosion  test  method, **•—  ■ 
descrlbed-n^k-The  program  was  designed  to  evaluate  the  relative  abrasion- 

erosion  resistance  of  various  materials  considered  for  use  in  the  repair  of 
erosion-damaged  concrete  structures. 
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fiber-reinforced  concrete,  and  polymer  concrete);  seven  aggregate  types  (lime-' 
stone,  chert,  trap  rock,  quartzite,  granite,  siliceous  gravel,  and  slag);  three 
principal  water-cement  ratios  (0.72,  0.54,  and  0.40);  and  six  types  of  surface 
treatment  (vacuum,  polyurethane  coating,  acrylic  mortar  coating,  epoxy  mortar 
coating,  furan  resin  mortar  coating,  and  iron  aggregate  topping).  A  total 
of  114  specimens  made  from  41  batches  of  concrete  was  tested. 

Based  on  the  test  data  obtained,  a  comprehensive  evaluation  of  the  effects 
of  various  parameters  on  the  abrasion-erosion  resistance  of  concrete  was  pre¬ 
sented.  Materials  suitable  for  use  in  the  repair  of  erosion-damaged  concrete 
structures  were  recommended.  Additional  work  to  correlate  the  findings 
-rcpor ted-herelr^ wi th  field  performance  was  formulated.  'N 
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PREFACE 


The  study  reported  herein  was  conducted  in  the  Structures  Labora¬ 
tory  (SL) ,  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES),  under 
the  sponsorship  of  the  Office,  Chief  of  Engineers  (OCE) ,  U.  S.  Army,  as  a 
part  of  Civil  Works  Investigation  Work  Unit  31553.  The  study  was  autho¬ 
rized  16  February  1977  by  first  indorsement  to  a  WES  letter  dated 
3  January  1977.  Messrs.  James  A.  Rhodes  and  Fred  Anderson  of  the  Struc¬ 
tures  Branch,  Engineering  Division,  OCE,  served  as  technical  monitors. 

The  study  was  conducted  under  the  general  supervision  of 
Mr.  Bryant  Mather,  Chief,  SL,  and  Mr.  John  Scanlon,  Chief,  Concrete 
Technology  Division,  and  under  the  direct  supervision  of  Mr.  James  E. 
McDonald,  Chief,  Evaluation  and  Monitoring  Group,  SL.  The  tests  were 
conducted  by  Dr.  Tony  C.  Liu  and  Messrs.  J.  T.  Peatross  and  F.  W.  Dorsey. 
Mr.  W.  B.  Lee  developed  mixture  proportions  and  fabricated  all  test 
specimens.  Concrete  specimens  containing  polymer  and  surface  coatings 
were  prepared  by  Mr.  T.  Husbands.  This  report  was  prepared  by 
Dr.  Tony  C.  Liu. 

The  Commanders  and  Directors  of  the  WES  during  this  study  and  the 
preparation  and  publication  of  this  report  were  COL  John  L.  Cannon,  CE, 
and  COL  Nelson  P.  Conover,  CE.  Technical  Director  was  Mr.  Fred  R.  Brown. 
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CONVERSION  FACTORS,  INCH-POUND  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


Inch-pound  units  of  measurement  used  in  this  report  can  be  converted 
to  metric  (SI)  units  as  follows: 


_ Multiply _ 

cubic  feet 
cubic  yards 
Fahrenheit  degrees 
feet 

feet  per  second 
gallons  (U.  S.  liquid) 
inches 

inch  per  inch  per 
Fahrenheit  degree 

ounces  (U.  S.  fluid) 

pounds  (force) 

pounds  (force)  per 
linear  inch 

pounds  (force)  per 
square  inch 

pounds  (mass) 

pounds  (mass)  per 
cubic  yard 


By 

2.831685 

0.7645549 

5/9 

0.3048 

0.3048 

3.785412 

25.40000 

5/9 

0.0000284 

4.448222 

175.1268 

6894.757 

0.4535924 

0.5932764 


_ To  Obtain _ 

cubic  metres 
cubic  metres 

Celsius  degrees  or  Kelvins* 
metres 

metres  per  second 
cubic  metres 
millimetres 

centimetre  per  centimetre  per 
Celsius  degrees  or  Kelvins* 

cubic  metres 

newtons 

newtons  per  metre 

pascals 

kilograms 

kilograms  per  cubic  metre 


*  To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  read¬ 
ings,  use  the  following  formula:  C  ■  (5/9) (F  -  32).  To  obtain  Kelvin 
(K)  readings,  use:  K  -  (5/9) (F  -  32)  +  273.15. 
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MAINTENANCE  AND  PRESERVATION  OF 
CONCRETE  STRUCTURES 


ABRASION-EROSION  RESISTANCE  OF  CONCRETE 

PART  I:  INTRODUCTION 

1.  Investigation  of  maintenance  and  preservation  problems  asso¬ 
ciated  with  civil  works  concrete  structures  was  initiated  in  February 
1977  at  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES).  The 
overall  objective  of  this  investigation  is  to  develop  information  neces¬ 
sary  to  insure  the  continued  safety  of  dams  and  other  civil  works 
structures:  specifically,  (a)  to  develop  and  evaluate  materials  and 
techniques  for  repair  and  rehabilitation  of  civil  works  structures, 

(b)  to  develop  engineering  guidance  for  evaluating  and  monitoring  the 
safety  of  structures,  and  (c)  to  develop  design  and  construction  methods 
for  rehabilitating  older  structures  to  comply  with  current  structural 
design  criteria. 

2.  The  first  step  in  this  investigation  was  to  review  techniques 
and  materials  that  have  been  used  in  the  repair  and  rehabilitation  of 
stilling  basins.  A  survey  of  the  various  Corps  of  Engineers  Divisions 
and  Districts  identified  52  structures  that  have  experienced  concrete 
damage  due  to  abrasion-erosion  (McDonald  1980).  Depths  of  erosion 
ranged  from  a  few  inches*  to  approximately  10  ft  (Figure  1).  In  general, 
this  erosion  damage  resulted  from  the  abrasive  effects  of  waterborne 
rocks  and  other  debris  being  circulated  over  the  concrete  surface  during 
construction  and  operation  of  the  structure. 

3.  The  majority  of  the  structures  surveyed  have  been  repaired, 
using  a  variety  of  materials  and  techniques  with  varying  degrees  of 
success.  Repair  materials  include  conventional  concrete,  epoxy  resins, 
fiber-reinforced  concrete,  and  polymer-impregnated  concrete.  In  many 


*  A  table  of  factors  for  converting  inch-pound  units  of  measurement 
to  metric  (SI)  units  is  presented  on  page  3. 


Erosion  of  still  ir.p  basin  floor  slab,  Dworshak  Dae1 


instances  materials  have  been  used  in  prototype  repairs  with  limited  or 
no  laboratory  evaluation  of  their  effectiveness  in  the  particular  appli¬ 
cation.  This  survey  showed  a  definite  need  for  such  material  evaluations, 
particularly  erosion  resistance,  prior  to  using  these  materials  in  pro¬ 
totype  repairs  costing  millions  of  dollars.  Consequently ,  the  study 
reported  herein  was  conducted  to  evaluate  the  relative  abrasion-erosion 
resistance  of  various  materials  considered  for  use  in  repair  of  erosion- 
damaged  concrete  structures. 
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PART  II:  TEST  METHOD  DEVELOPMENT 


4.  Various  test  methods  have  been  used  by  investigators  to  deter¬ 
mine  abrasion-erosion  resistance  of  a  concrete  surface.  Among  these  are 
the  rubbing  types  of  apparatus,  dressing  wheel,  shot-blast,  rolling 
steel  balls  under  pressure,  and  modified  Los  Angeles  rattler. 

5.  The  two  common  methods  of  achieving  the  rubbing  action  are 
either  a  reciprocating  disk  or  a  revolving  disk  with  some  sort  of  abra¬ 
sive  material,  usually  carborundum,  silica  sand,  or  slag  (Kennedy  and 
Prior  1953).  The  length  of  time  required  to  obtain  significant  results 
depends  mainlv  on  the  abrasive  material  used,  the  pressure  applied,  and 
the  speed  of  operation.  Figures  2  and  3  illustrate  a  reciprocal ing-type 


machine  and  a  revolving  disk-type 
machine,  respectively.  In  general, 
if  only  a  surface  hardness  is  to  be 
examined,  the  rubbing-type  machines 
will  produce  satisfactory  results. 
When  the  surface  wears  off,  the 
abrasive  disk  will  then  proceed  to 
ride  on  the  hardest  piece  of  aggre¬ 
gate.  In  the  stilling  basin,  how¬ 
ever,  the  waterborne  particles  will 
erode  around  the  harder  particles, 
leaving  them  protruding  and  suscepti¬ 
ble  to  impact.  Therefore,  the 
rubbing-type  tests  are  not  suitable 
for  evaluating  the  abrasion-erosion 
resistance  of  concrete  in  the 
stilling  basin. 

6.  A  typical  dressing-wheel 
type  apparatus  is  shown  in  Figure  4.  It  is,  in  general,  much  more  rapid 
in  action  than  the  rubbing-type  machine  and  is  a  fairly  simple  piece  of 
equipment.  It  can  be  set  up  in  a  drill  press  and  does  not  require  an 
abrasive  material.  General  practice  is  to  clean  the  surface  occasion¬ 
ally  during  the  test  by  blowing  the  dust  off  the  specimen  under  test. 
When  the  wear  caused  by  the  wheel  has  progressed  through  the  surface  of 
the  concrete,  there  is  again  a  tendency  for  the  hardest  aggregate  parti¬ 
cles  to  carry  the  burden.  However,  this  condition  is  not  so  pronounced 
with  the  dressing  wheel  as  with  the  rubbing  tests,  because  some  of  the 
teeth  will  be  making  contact  at  other  points. 

7.  The  shot-blast  test  (Figure  5)  has  also  been  used  for  abrasion 
tests.  As  previously  stated,  after  the  stilling  basin  floor  surface  has 
been  eroded  away,  the  waterborne  abrasives  tend  to  cut  the  weaker  por¬ 
tion  of  the  concrete,  which  usually  is  the  mortar,  and  destroy  the  bond 
of  the  aggregate,  thus  releasing  it  from  the  mass.  The  shot-blast  can 
duplicate  this  action.  The  trouble  with  the  shot-blast  method  is  that 


Figure  3.  Revolving  disks 
abrasion  test  machine 
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Figure  4.  Typical  drill  press  setup  for  dress¬ 
ing  wheel  type  of  testing 

a  uniform  grading  and  flow  of  shot  is  difficult  to  maintain. 

8.  Several  methods  involving  balls,  shoes,  and  rolls  have  been 
used  experimentally  with  varying  degrees  of  success  (Kennedy  and  Prior 
1953).  One  of  these,  a  ball-hearing  method,  develops  wear  by  rolling 
steel  grinding  balls  under  pressure  over  the  surface  of  the  concrete 
(Figure  6).  The  surface  of  the  concrete  is  subjected  to  flowing  water 
to  wash  the  abraded  material  off  as  it  is  produced.  This  apparatus  is 
rather  bulky  and  costly,  factors  that  are  a  disadvantage  to  the  method 

9.  Another  method  of  determining  abrasion  resistance  involves  a 
modification  of  the  Los  Angeles  rattler  (Scofield  1975).  Concrete 
cylinders  or  cubes  are  placed  in  the  machine  and  tumbled  for  various 
periods  of  time.  The  abrasion  resistance  is  then  determined  bv  visual 


! 


Figure  5.  Typical  shot-blast  test  cabinet 


observation  and  determination  of  weight  loss.  A  hard,  brittle  concrete 
might  break  up  in  this  test,  and  a  softer  material  mi  gilt  stand  up.  In 
actual  conditions,  however,  the  harder  concrete  would  resist  abrasive 
forces  much  better  titan  the  relatively  softer  material.  Hence,  this 
method  is  not  well  suited  for  the  determination  of  abrasion  resistance. 

10.  As  discussed  above,  none  of  the  existing  test  methods  are 
satisfactory  for  evaluating  the  resistance  of  concrete  subjected  to  the 
abrasive  action  of  waterborne  particles  in  a  stilling  basin.  A  new 
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Figure  6.  Ball-bearing  abrasion  test  machine 

underwater  abrasion  test  method  was  therefore  devised.  The  apparatus 
consists  of  essentially  a  drill  press,  an  agitation  paddle*  (Figure  7), 
a  cylindrical  steel  container  that  houses  a  disk-shaped  concrete 
specimen,  and  70  steel  grinding  balls  of  various  sizes  (ten  1-in.- 
diameter  balls,  thirty-five  0. 75- in. -diameter  balls,  and  twenty-five 
0 . 50-in. -diameter  balls).  The  steel  grinding  balls  simulate  the  abrasive 
changes  in  the  stilling  basin  (Figure  8).  The  overall  test  setup  and 
a  detailed  cross-sectional  view  are  given  in  Figures  9  and  10, 
respectively. 

*  Model  PS-21  manufactured  by  the  Jiffy  Mixer  Companv,  Inc.,  17981  Sky 
Park  Circle,  Suite  G,  Irvine,  California  92714. 


7 


'  * 

1 


%  & 
MMiSV  -  ”* 

L 

-v4. 

Figure  7.  Agitation  paddle 


Figure  8.  Steel  grinding  balls  and  typical  rocks  obtained  from  a 

stilling  basin 


11.  The  water  in  the  container  is  circulated  by  the  immersed  agi 
tation  paddle  that  is  powered  by  the  drill  press  rotating  at  approxi¬ 
mately  1200  rpm.  Ttie  circulating  water,  in  turn,  moves  the  abrasive 
charges  (steel  grinding  balls)  on  the  surface  of  the  concrete  specimen, 
producing  the  abrasion  effects.  The  average  water  velocity  on  the  sur¬ 
face  of  tiie  specimen  as  measured  by  a  blunt-nose  pitot  tube  is  appoxi- 
matelv  b  ft/sec.  This  new  abrasion-erosion  test  method  can  duplicate 
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Figure  9.  lest  setup,  overall  view 


well  the  abrasive  action  of  waterborne  particles  in  the  stilling  basins. 
As  can  be  seen  from  Figure  11,  the  surface  conditions  of  the  tested 
specimens  are  very  similar  to  the  eroded  concrete  surfaces  observed  in 
the  stilling  basins.  This  method  is  not,  however,  intended  to  provide 
a  quantitative  measurement  of  the  length  of  service  that  may  be  expected 
from  a  specific  concrete.  It  can  be  used  to  determine  the  relative 
resistance  of  a  material  to  the  abrasive  action  of  waterborne  particles. 

12.  The  test  procedures  used  in  this  test  program  were  as  follows: 

a.  Surface  dry  the  specimen  with  compressed  air. 

b.  Weigh  and  record  the  mass  of  the  specimen. 

c_.  Place  specimen  in  the  steel  container  with  the  surface 
to  be  tested  facing  up. 

d_.  Position  the  specimen  so  that  the  surface  of  the  specimen 
is  normal  to  the  drill  shaft  and  the  center  of  the  speci¬ 
men  coincides  with  the  drill  shaft. 

e.  Mount  the  agitation  paddle  in  the  drill  press.  The  bot¬ 
tom  of  the  agitation  paddle  is  approximately  1-1/2  in. 
above  the  surface  of  the  specimen. 
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Figure  10.  Test  setup  details 

_f .  Place  the  abrasive  charges  on  the  surface  of  the  specimen 
and  add  water  to  approximately  6-1/2  in.  above  the  sur¬ 
face  of  the  specimen. 

£.  Set  the  drill  press  at  1200  rpm  and  start  the  machine. 

A  test  period  of  24  hr  generally  produces  significant 
abrasion-erosion  in  most  concrete  surfaces.  However,  in 
this  test  program,  all  specimens  were  tested  for  72  hr. 

h.  At  12-hr  intervals,  remove  the  specimen  from  the  container. 
Flush  off  the  abraded  material,  surface  dry  the  specimen, 
and  weigh  and  record  the  mass. 
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a.  Typical  surface  condition  of  a 
tested  specimen 


13.  The  abrasion-erosion  loss  is  calculated  by  the  following 
equat ion 

M  -  M 

L  -  — — r: — ”  *  100  (1) 

Mi 

where 

L  -  abrasion-erosion  loss,  percent  by  mass 
Mj  ■  mass  of  the  surface-dry  specimen  before  test,  lb 
*  mass  of  the  surface-dry  specimen  after  test,  lb 

14.  The  percent  loss  by  mass  is  only  of  importance  for  comparison 
in  this  investigation.  Had  the  specimens  been  of  greater  thickness, 

the  amount  of  eroded  material  would  have  remained  the  same,  but  the 
abrasion-erosion  loss  in  percent  would  have  decreased. 


PART  III:  TEST  PROGRAM 


15.  The  test  program  was  designed  to  evaluate  the  relative 
abrasion-erosion  resistance  of  various  materials  considered  for  use  in 
the  repair  and  construction  of  concrete  structures  subject  to  such  dam¬ 
age.  It  encompassed  three  concrete  types  (conventional  concrete,  fiber- 
reinforced  concrete,  and  polymer  concrete);  seven  aggregate  types  (lime¬ 
stone,  chert,  trap  rock,  quartzite,  granite,  siliceous  gravel,  and  slag); 
three  principal  water-cement  ratios  (0.72,  0.54,  and  0.40);  and  six 
types  of  surface  treatment  (vacuum,  polyurethane  coating,  acrylic  mortar, 
epoxy  mortar,  furan  resin  mortar,  and  iron  aggregate  topping).  A  total 
of  114  specimens  made  from  41  batches  of  concrete  was  tested.  The 
detailed  test  program  is  summarized  in  Table  1. 

Materials 

Cement 

16.  An  American  Society  for  Testing  and  Materials  (ASTM)  Type  I 
Portland  cement  (ASTM  C  150-78)*  was  used.  The  complete  cement  analysis 
is  given  in  Appendix  A. 

Aggregates 

17.  A  total  of  seven  different  types  of  aggregates  were  used  in 
this  investigation.  A  general  petrographic  description  of  these  aggre¬ 
gates  is  as  follows. 

a.  Limestone  -  this  rock  is  fine-grained  and  ranges  in  com¬ 
position  from  dolomitic  limestone  to  calcitic  dolomite. 
Since  it  is  free  of  cherty  or  shaly  zones,  it  is  essen¬ 
tially  all  calcite  and  dolomite.  The  average  Mohs  hard¬ 
ness  is  approximately  3.5. 

t>.  Chert  -  this  material  is  about  one  half  dense  brown  chert 
and  one  half  porous  white  chert.  The  mineralogical 


*  The  ASTM  standards  referred  to  in  this  report  carry  the  C  and  D 

designations  ("Cementitious,  Ceramic,  Concrete,  and  Masonry  Materials" 
and  "Miscellaneous  Materials,"  respectively).  The  individual  methods 
will  be  cited  as  they  occur;  however,  no  individual  standards  will 
included  in  the  References.  The  reader  is  referred  to  the  1979  Annual 
Book  of  ASTM  Standards. 


composition  is  all  quartz.  The  average  hardness  is 
about  6.6. 

c.  Trap  rock  -  the  dark  rock  is  mostly  plagioclase  feldspar 
with  smaller  amounts  of  magnetite,  clays,  and  quartz.  The 
magnetite  content  is  high  enough  that  most  pieces  are 
strongly  magnetic.  The  reddish  rock  is  mostly  quartz  and 
plagioclase  and  potassium  feldspars  with  smaller  amounts 
of  clays,  calcite,  and  the  iron  oxide  minerals  hematite 
and  magnetite.  The  average  Mohs  hardness  of  the  trap 
rock  is  estimated  to  be  6.4. 

<i.  Quartzite  -  this  rock  is  a  well-known  pre-Cambrian  Age 
orthoquartzite  which  would  be  termed  a  quartz  arenite  by 
the  newer  terminology.  It  is  almost  entirely  quartz  and 
should  have  a  Mohs  hardness  of  7.  The  white  powdery 
material  partially  coating  particle  surfaces  is  a  mixture 
of  kaolinite  clay,  quartz,  and  a  little  mica  and  calcite. 

e.  Siliceous  gravel  -  this  material  was  used  for  the  con¬ 
struction  of  Libby  Dam  and  was  furnished  to  WES  by  the 
U.  S.  Army  Engineer  District,  Seattle.  This  material 
is  said  to  be  about  60  percent  quartz,  30  percent 
argillite,  and  10  percent  limestone  and  miscellaneous 
other  rock  types.  The  average  Mohs  hardness  is  about  6.1. 

Granite  -  Coarse  aggregate  was  subround  to  subangular 
particles  with  less  than  2  percent  flat  and/or  elongated 
particles.  The  aggregate  was  generally  crushed  and  had 
5.3  percent  soft  particles  and  1.4  percent  friable  parti¬ 
cles.  The  rock  was  predominantly  granitic  with  a  small 
percentage  of  andesite,  meta-granite,  and  quartzite.  The 
granitic  rock  varied  in  composition  from  granite  to 
granodiorite.  Individual  particles  were  fresh  to  moder¬ 
ately  weathered. 

£.  Slag  -  individual  particles  of  the  processed,  air-cooled, 
blast  furnace  slag  were  vesicular,  moderately  hard,  and 
irregularly  shaped.  Almost  30  percent  of  the  particles 
had  less  than  2.00  specific  gravity.  The  slag  was  almost 
entirely  light  to  medium  gray  in  color  with  only  a  trace 
of  the  black  or  conglomeratic  particles.  The  slag  was 
generally  composed  of  a  glassy  matrix  in  which  small 
crystals  were  present.  The  percentage  of  glass  to  crys¬ 
talline  material  varied  from  particle  to  particle.  Most 
of  the  crystals  were  members  of  the  metilite  series  com¬ 
posed  of  akermanite,  gehlenite,  and  metilite.  No  breaking 
occurred  to  any  of  the  slag  particles  during  the  wetting 
and  drying  test. 

18.  Pertinent  physical  characteristics  of  the  aggregates  are 
given  in  Appendix  A. 
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Steel  fibers 


19.  Four  different  types  of  steel  fibers  were  used;  two  straight 
fibers  and  two  hooked  fibers.  The  nominal  sizes  of  the  straight  steel 
fibers  were  0.010  by  0.020  by  1  in.  and  0.010  by  0.020  by  0.5  in.  The 
nominal  sizes  of  the  hooked  fibers  were  2.0  by  0.02  in.  and  1.2  by 
0.015  in. 

Monomer  system 

20.  The  monomer  system  used  for  polymer-impregnated  concrete 
(Batch  Ml)  was  as  follows: 

£i.  Monomer  -  methyl  methacrylate  (MMA)  inhibited  with  25  ppm 
HQ. 

Ik  Cross  linking  agent  -  Trimethylpropane  trimethacrylate 
(TMPTMA) . 

£.  Initiator  -  VAZ0  64. 

21.  These  materials  were  formulated  for  ambient  conditions  and 
polymerization  was  achieved  by  addition  of  heat. 

22.  The  monomer  system  used  for  methyl  methacrylate  polymer  con¬ 
crete  (Batch  M4)  consisted  of  the  following: 

a.  Monomer  -  MMA. 

Jj.  Cross  linking  agent  -  TMPTMA. 

£.  Initiator  -  Benzoyl  Peroxide-70  (BP-70) . 

d_.  Promoters  -  N,N-dimethyl  aniline  (DMA)  and  N,N-dime:thyl- 
p-toluidine  (DMT) .  : 

23.  The  monomer  system  used  for  vinyl  ester  polymer  concrete 
(Batch  M5)  was  as  follows: 

a.  Monomer  -  Vinyl  ester  resin  containing  36  percent  styrene 
by  mass. 

b.  Catalyst  -  Methyl  ethyl  ketore  peroxide  (MEKP) . 

£.  Promoters  -  Cobalt  and  naphthanate  (CON)  and  N,N-dimethyl 
aniline  (DMA) . 

Epoxy  resin  system 

24.  The  epoxy  resin  system  used  in  making  the  polymer  Portland  ce¬ 
ment  concrete  (Batch  M2)  is  a  two-component,  water-dispersible  epoxy  sys¬ 
tem.  The  typical  properties  (at  75°F)  of  the  epoxy  system  are  as  follows 


Color,  Part  A 
Part  B 

Mixing  Ratio 
Viscosity 
Part  A 
Part  B 

Mixed  (Part  A  +  Part  B) 
Thixotropic  Index 
Pot  Life 
Initial  Cure 
Tensile  Strength 
Compressive  Strength 
Concrete  Bond  Strength 
(Direct  shear) 

Flexural  Stength  (psi) 

Fire  Rating 

Coefficient  of  thermal  expansion 
Chemical  Resistance 


Amber 

Amber 

1:1 

700-800  cps 
200-300  cps 
400-600  cps 
1.48 
2-3  hr 
24  hr 

1300  psi  minimum 
7500  psi  minimum 

500-800  psi 
1800  minimum 
Same  as  concrete 
5.7  x  10-5  in. /in. /°F 
Excellent  to  all  common 
inorganic  acids,  organic 
acids,  alkalis,  solvents, 
etc. 


Polyurethane 


25.  Two  types  of  elastomeric  polyurethane  systems  were  investi¬ 
gated:  T19  and  T21. 

a.  The  T19  specimens  were  coated  with  two  coats  of  base 

polyurethane  coating  and  three  coats  of  top  polyurethane 
coating.  These  coatings  are  one  component,  approximately 
^  100  percent  solid  elastomeric  urethane  system,  which 

cures  by  moisture  in  the  air.  The  base  coating  has  good 
adhesive  properties  and  the  top  coating  has  better 
weathering  and  abrasion  resistance.  The  typical  physical 
properties  are  as  follows. 


_ Property 

Solid  Content 

Cure  Time 
(77°F,  50%  RH) 

Hardness 
(Shore  A) 

Tensile  Strength 
(ASTM  D  412-75) 


Base  Coating  Top  Coating 
90%  +  2%  63% 

40  mils-30  hr  10  mils-36  hr 


300  psi 


(Continued) 


3500  psi 


Property 

Base  Coating 

Top  Coating 

Elongation 
(ASTM  D  412-75) 

500% 

175% 

Adhesion  to  Concrete 
(ASTM  D  903-49) 

20  pli 

Tear  Resistance 
(ASTM  D  1004-66) 

130  pli 

t>.  The  T21  specimens  were  coated  with  a  two-component 

polyurethane  system.  The  mixing  ratio  of  the  two  com¬ 
ponents  is  1  to  1  by  volume.  The  typical  performance 
properties  (cures  24  hr  at  75°F  plus  24  hr  at  120°F) 
are  as  follows. 

Polyurethane 


_ Property _  Coating 

Hardness  (Shore  A)  80 

Specific  Gravity  (Cured)  1.06 

Tensile  Strength  (ASTM  D  412-75)  2500  psi 

Elongation  (ASTM  D  412-75)  300% 

Tear  Strength,  Die  C  (ASTM  D  412-75)  300  pli 

Acrylic  mortar 


26.  The  acrylic  mortar  is  a  two-component  system.  One  component 
is  the  resin  (a  powder  mixture  of  80  percent  quartz-sand,  sized  0  to 
1.5  mm,  and  20  percent  Benzoyl  peroxide  powder),  and  the  other  component 
the  hardener.  The  two  components  are  mixed  in  proportion  7.5:1  powder 
resin  to  hardener  by  weight. 

Epoxy  resin  mortar 

27.  Two  epoxy  resin  systems  used  in  making  the  epoxy  resin  mortars 
were  investigated.  One  epoxy  resin  was  a  low  modulus,  and  the  other  was 
a  high  modulus.  Both  epoxies  were  two-component,  100  percent  solid, 
moisture-insensitive  epoxy  resins.  The  mixing  ratios  of  the  components 
"A"  to  "B"  are  2  to  1  and  1-1/2  to  1  by  volume  for  the  low  modulus  and 
high  modulus,  respectively. 

28.  Neither  of  the  two  epoxy  resin  systems  will  meet  the  require¬ 
ments  of  CRD-C  590-74  and  CRD-C  591-73  (WES  1949).  The  low  modulus  epoxy 
resin  system  does  meet  the  requirements  of  ASTM  C  881-78,  "Standard 
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Specification  for  Epoxy-Resin-Base  Bonding  Systems  for  Concrete"; 
however,  the  high  modulus  does  not  meet  the  requirements  of  this  specifi¬ 
cation  because  of  shrinkage. 

29.  The  epoxy  resin  mortars  consist  of  one  part  epoxy  resin  to 
four  parts  graded  Ottawa  sand  by  volume  for  the  low  modulus  epoxy  resin, 
and  one  part  epoxy  resin  to  three  parts  graded  Ottawa  sand  by  volume  for 
the  high  modulus  epoxy  resin.  The  properties  of  the  neat  epoxy  resin 
binder  and  mortars  are  as  follows . 

Neat  Epoxy  Binder 

Tensile  Strength 

(ASTM  D  638,  ASTM  1977) 

Tensile  Elongation 

(ASTM  D  638,  ASTM  1977) 

Compressive  Strength 

(ASTM  D  695,  ASTM  1977) 

Compressive  Modulus 

Viscosity  (at  75°F) 

Gel  time  (at  75°F) 

_ Mortar _ 

Compressive  Strength 

(ASTM  C  109-77) 

Compressive  Modulus 

(ASTM  C  109-77) 

Furan  resin  mortar 

30.  The  resin  is  a  furfuryl  alcohol  polymer  with  a  viscosity  of 
about  450  cps  at  25°C.  The  catalyst  used  to  polymerize  the  resin  is  an 
organic  acid.  The  mixing  ratio  of  the  resin  to  catalyst  is  100  to  5  by 
mass.  The  furan  resin  mortar  consists  of  three  parts  of  graded  Ottawa 
sand  to  one  part  resin  by  volume.  The  pot  life  of  the  neat  resin  is 

30  minutes  at  75°F,  and  the  compressive  strength  of  the  furan  resin  mor¬ 
tar  is  8500  psi.  No  other  physical  properties  of  the  neat  resin  or 
polymer  mortar  were  measured,  and  no  physical  properties  were  available 
from  the  manufacturer. 


Low  Modulus 


2,000  psi  0 
14  days,  75°F 

13%  0  14  days, 
75  °F 

5,000  psi  @ 

28  days,  75°F 

175,000  psi  0 
28  days,  75 °F 

700  cps 

40  min 


7,200  psi  @ 

21  days,  75 °F 

850,000  psi  0 
28  days,  75 °F 


High  Modulus 

3,200  psi  0 
14  days,  75°F 

1%  0  14  days, 
75°F 

12,000  psi  @ 
14  days,  75°F 

400,000  psi  @ 
28  days,  75  “F 

2200  cps 

40  min 


12,000  psi  0 
28  days,  75°F 

1,250,000  psi  0 
28  days,  75°F 
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Iron  aggregate  topping 

31.  The  iron  aggregate  topping  is  composed  of  the  following 
blended  ingredients. 

a.  Iron  aggregate,  from  very  fine  particles  to  iron  slivers 
0.40  in.  long,  maximum.  The  particles  are  graded  to  pro¬ 
duce  an  optimum  iron  aggregate  concrete  upon  mixing  with 
water. 

b.  ASTM  Type  II  cement  (ASTM  C  150-78). 

c_.  A  water-reducing  admixture  in  powder  form. 

32.  The  color  of  the  iron  aggregate  topping  before  it  is  mixed  is 
dark  gray,  similar  to  normal  portland  cement  concrete.  After  mixing  and 
in  place,  the  color  is  a  grayish  black,  considerably  darker  than  normal 
concrete. 

Concrete  mixtures 

33.  The  concrete  mixtures  used  in  the  test  specimens  are  summar¬ 
ized  in  Table  2,  and  mixture  proportions  are  given  in  Appendix  A. 

Specimen  Fabrication 

34.  The  concrete  was  mixed  in  a  laboratory  7.5-cu-ft  rocking  and 
tilting  drum  mixer  in  5-cu-ft  batches.*  Each  batch  was  tested  for  slump 
and  air  content  according  to  CRD  C  5-76  and  CRD  C  8-79  (WES  1949), 
respectively. 

35.  Four  11-3/4-in.  diameter  by  4-in. -high  specimens  were  cast  in 
specially  designed  molds  (Figure  12).  In  addition  to  the  abrasion  speci¬ 
mens,  three  6-  by  12-in.  cylinders  and  three  6-  by  6-  by  36-in.  beams 
were  cast  for  compressive  strength  and  flexural  strength  tests,  respec¬ 
tively.  The  concrete  was  placed  in  the  mold  using  a  scoop  and  consoli¬ 
dated  on  a  vibrating  table.  The  surface  was  finished  by  screeding  and 
floating  approximately  15  minutes  after  vibration,  and  final  steel  trowel¬ 
ing  was  done  approximately  3  hr  after  vibration.  After  24  hr  in  the  fog 
room,  the  specimens  were  demolded  and  placed  in  the  tank  of 


*  Batches  F9  and  M3  were  made  at  L?bby  Dam  during  the  rapair  of  its 
stilling  basin. 
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Figure  12.  Mold  for  test  specimen 


lime-saturated  water  until  test.  All  specimens  were  water  cured  for  at 
least  28  days  prior  to  testing.  The  cylinders  and  beams  were  cured  in 
the  same  manner  as  the  abrasion  test  specimens.  Figure  13  shows  a 
typical  untested  specimen. 

36.  The  procedures  used  for  fabricating  polymer  concrete  specimens 
and  for  application  of  surface  treatments  are  as  follows. 

Polymer- impregnated  concrete  (PIC) 

37.  The  procedures  used  for  polymerization  of  Ml  specimens  were 
as  follows. 

a.  The  test  specimens  were  placed  in  a  drying  oven  at  260°F 
and  dried  for  24  hr. 

lb.  The  specimens  were  allowed  to  cool  to  room  tempera¬ 
ture  in  a  closed  container  containing  a  desiccant  to  re¬ 
move  moisture. 

£.  The  following  day,  the  specimens  were  impregnated  with 
the  polymer  using  the  procedures  below: 

(1)  Adhesive  tape  was  applied  around  the  perimeter  of  the 
specimen  surface  to  be  polymerized  to  form  a  reser¬ 
voir  approximately  1/2  in.  deep. 


Figure  13.  Typical  untested  specimen 


(2)  Dried  sand  was  then  placed  approximately  1/4  in. 
deep  on  the  surface. 

(3)  The  monomer  system  containing  97  percent  methyl 
methacrylate;  2.5  percent  cross  linking  agent,  tri¬ 
methyl  propane  trimethacrylate  (TMPTMA) ;  and  0.5  per¬ 
cent  catalyst,  VAZO  64,  was  sprinkled  over  the  sanded 
area  until  the  surface  contained  the  ponded  solution 
above  the  sand. 

(4)  Subsequent  applications  of  the  monomer  system  were 
made  to  the  surface  to  keep  it  full  of  the  liquid 
monomer.  Between  applications  of  the  monomer  the 
wet  surface  was  covered  with  a  polyethylene  sheet  to 
minimize  evaporation.  The  monomer  system  was  allowed 
to  soak  into  concrete  for  approximately  5  hr. 

(5)  The  tape  was  removed  from  the  impregnated  specimens, 
and  the  specimens  were  wrapped  with  aluminum  foil  to 
minimize  evaporation.  Sand  darkened  with  carbon 
black  was  placed  on  the  top  of  the  aluminum  foil 
that  covered  the  impregnated  surfaces.  The  surfaces 
were  then  heated  for  1-1/2  hr  using  infrared  lamps. 

38.  The  M3  specimens  were  fabricated  by  the  Seattle  District.  The 
procedures  used  for  M3  specimens  were  similar  to  those  used  for 
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polymerization  of  fiber-reinforced  concrete  for  stilling  basin  repair 
at  Libby  Dam.* 

Polymer  Portland 
cement  concrete  (PPCC) 

39.  The  cement  was  placed  first  into  the  concrete  mixer  and  ap¬ 
proximately  90  percent  of  the  water  added.  The  two  ingredients  were  then 
mixed  for  about  5  minutes  until  the  cement  had  wetted  thoroughly.  The 
coarse  and  fine  aggregates  along  with  the  epoxy  were  then  added  into  the 
mixer  and  mixed  for  a  few  minutes.  The  remaining  water  was  then  added 
and  the  PPCC  mixed  until  all  particles  were  wetted.  It  was  noted  that 
the  PPCC  tended  to  stick  to  the  sides  of  the  mixer  and  had  to  be  scraped 
off  during  mixing. 

Methyl  methacry- 
late  polymer  concrete 

40.  The  following  methyl  methacrylate  (MMA)  formulation  was  used 
in  making  the  polymer  concrete  (Batch  M4) . 


Aggregate  concentration** 

Monomer  (95  percent  MMA  by 
weight  and  5  percent 
TMPTMA  by  weight) 

Initiator  concentration 


Promoter  concentration 


85  percent  by  mass 
15  percent  by  mass 


3  percent  BP-70  by 
mass  of  monomer 

1  percent  DMA  and 
1  percent  DMT,  both 
by  mass  of  monomer 


41.  The  monomer  consisting  of  MMA  and  TMPTMA  was  mixed  for  about 
5  minutes.  The  promoters  (DMA  and  DMT)  and  the  initiator  (BP-70)  were 
then  mixed  into  the  monomer  system  until  all  the  BP-70  had  dissolved. 

42.  The  required  amount  of  clean  and  dried  aggregate  was  placed 
in  a  mixer.  With  the  mixer  containing  the  aggregate  running,  the 


*  Munch,  A.  V.  and  Oedewaldt,  R.  M.  "Polymerization  of  Fibrous  Con¬ 
crete  for  Stilling  Basin  Repair  at  Libby  Dam  (unpublished) ,"  Libby 
Dam  Resident  Office,  CE,  Libby,  Mont. 

**  The  aggregate  was  made  up  of  2  parts  of  fine  aggregate  and  1  part  of 
coarse  aggregate,  by  mass  (maximum  aggregate  size  -  3/8  in.). 


26 


monomer  mixture  was  poured  onto  the  aggregate  in  the  mixer,  and  the 
mixing  continued  until  all  the  aggregate  was  wetted.  This  normally 
takes  only  about  3  minutes.  After  mixing,  the  polymer  concrete  (PC) 
was  placed  on  the  surface  of  the  specimen  to  be  coated.  The  PC  overlay 
was  then  smoothed  with  a  trowel. 

Vinyl  ester  polymer  concrete 

43.  The  composition  of  the  vinyl  ester  polymer  concrete  (Batch 
M5)  is  as  follows: 


Aggregate  concentration 
Monomer  (vinyl  ester  resin) 
Catalyst 

Promoters 


86  percent  by  mass 

14  percent  by  mass 

1  percent  MEKP  by 
mass  of  monomer 

0.2  percent  CON  and 
0.05  percent  DMA, 
by  mass  of  monomer 


44.  The  limestone  aggregate  used  was  made  up  of  2  parts  by  mass 
of  fine  aggregate  and  1  part  by  mass  of  coarse  aggregate  (3/8-in.  maxi¬ 
mum  aggregate  size) . 

45.  The  vinyl  ester  resin  system  was  divided  into  equal  batches 
before  preparing  the  polymer  concrete  and  was  identified  as  Parts  A 
and  B.  The  required  amount  of  MEKP  was  dissolved  into  Part  A,  and  the 
CON  and  DMA  dissolved  into  Part  B.  Equal  amounts  by  volume  of  Part  A 
and  Part  B  were  then  mixed  for  priming  the  concrete  surface  and  making 
the  polymer  concrete. 

46.  The  surface  of  the  concrete  specimen  to  be  coated  was  cleaned 
by  sandblasting,  washed  with  water,  and  dried  thoroughly  before  coating. 
The  monomer  system  was  first  prepared  by  mixing  Part  A  and  Part  B 
together.  A  prime  coat  of  the  monomer  was  applied  to  the  surface  to  be 
coated  before  the  polymer  concrete  overlay  was  placed.  The  procedures 
for  mixing  and  placing  of  vinyl  ester  polymer  concrete  overlay  were  the 
same  as  those  for  methyl  methacrylate  polymer  concrete. 

Vacuum  treatment 

47.  The  fresh  concrete  in  the  mold  was  vibrated  on  the  vibrating 
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the  vacuum  process.  Figure  15  shows  the  concrete  specimen  under  treat¬ 
ment.  For  the  4-in. -thick  specimen,  the  vacuum  treatment  time  was  ap¬ 
proximately  15  minutes. 


Figure  15.  Concrete  specimen  under 
vacuum  treatment 


Polyurethane  coating 

51.  T19  specimens.  The  surface  of  the  specimens  to  be  coated  was 
cleaned  by  sandblasting.  The  base  coat  was  first  applied  using  a  brush. 
The  coating  was  allowed  to  cure  for  20  hr,  then  a  second  coat  was  applied 
with  a  brush.  The  second  coating  was  allowed  to  cure  for  24  hr.  Three 
coats  of  top  coating  were  then  applied  on  top  of  the  base  coating  at 

16-  to  24-hr  intervals  between  each  coat.  The  coatings  were  allowed  to 
cure  at  room  temperature  (75°F)  For  7  days  before  the  specimens  were 
soaked  in  the  lime-saturated  water.  The  thickness  of  the  cured  coating 
was  0.053  in. 

52.  T21  specimens.  The  surface  of  the  test  specimens  to  be 
coated  was  cleaned  by  sandblasting.  The  surface  was  then  coated  with  a 
primer  using  a  paint  roller.  The  primer  was  allowed  to  cure  for  24  hr 
before  coating  the  specimen  witli  polyurethane.  The  polyurethane  system 
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was  mixed  in  accordance  with  the  manufacturer's  instructions.  The  coat¬ 
ing  was  applied  using  an  airless  sprayer.  The  desired  film  thickness 
was  obtained  by  applying  seven  coats  of  the  material  with  a  5-  to  10- 
minute  wait  between  coats.  A  dry  film  thickness  of  0.07  in.  was  obtained 
on  the  test  specimens. 

Acrylic  mortar  coating 

53.  The  surface  of  the  test  specimens  to  be  coated  was  cleaned 
by  sandblasting.  The  resin  and  the  hardener  were  machine-mixed  for  3 
minutes  then  trowelled  on  top  of  the  cleaned  specimens  to  a  thickness  of 
approximately  3/8  in.  The  acrylic  mortar  started  to  stiffen  about  10 
minutes  after  mixing  and  was  hard  after  1  hr. 

Furan  resin  mortar 

54.  The  furfuryl  alcohol  was  first  mixed  in  a  plastic  container 
using  a  jiffy  mixer.  The  surface  of  the  specimen  was  cleaned  and  coated 
with  a  thin  film  of  the  furfuryl  alcohol  resin  using  a  paint  roller. 

The  mixed  furfuryl  alcohol  resin  was  then  transferred  to  a  dough  mixer 
and  the  sand  added  during  mixing.  The  furfuryl  alcohol  resin  mortar  was 
then  trowelled  on  the  prepared  surface  of  the  specimens.  The  thickness 
of  the  furan  resin  mortar  was  approximately  3/8  in. 

Iron  aggregate  topping 

55.  The  surfaces  of  the  test  specimens  to  be  coated  were  cleaned 
by  sandblasting.  Approximately  0.55  gal  of  water  was  added  to  the  55  lb 
of  blended  ingredients  (iron  aggregate,  Type  II  cement,  and  a  water- 
reducing  admixture  in  powder  form)  and  mixed  thoroughly  in  a  mixer.  The 
mortar  was  then  trowelled  on  top  of  the  cleaned  specimens  to  a  thickness 
of  approximately  1  in. 
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PART  IV:  TEST  RESULTS  AND  DISCUSSION 


56.  The  abrasion-erosion  test  results  are  presented  in  Table  3  and 
are  summarized  in  Table  1.  The  photographic  record  of  the  typical  con¬ 
crete  surface  conditions  after  72  hr  of  testing  is  given  in  Appendix  B. 

57.  This  study,  as  previously  stated,  was  composed  of  41  batches 
of  concrete.  In  one  or  more  of  these  batches,  the  effects  of  (a)  water- 
cement  ratio,  (b)  compressive  strength,  (c)  aggregate  type,  (d)  concrete 
type,  and  (e)  type  of  surface  treatment,  on  abrasion-erosion  resistance 
of  concrete  can  be  evaluated. 

Effects  of  Water-Cement  Ratio 


58.  The  effects  of  water-cement  ratio  on  abrasion-erosion  resis¬ 
tance  of  concrete  can  be  seen  from  Figures  16  through  19,  where  average 
abrasion-erosion  losses,  percent  by  mass,  of  conventional  concrete  are 
plotted  against  test  time.  A  reduction  in  water-cement  ratio  from  0.72 


test  time,  hr 


Figure  16.  Effects  of  water-cement  ratio  on  abrasion-erosion 
resistance  of  concrete  containing  limestone  aggregate 


ABRASION-EROSION  LOSS,  percent  by  mass  p-  abrasion-erosion  loss,  percent  by  mass 


TEST  TIME.  HR 

jure  17.  Effects  of  water-cement  ratio  on  abrasion-erosion 
resistance  of  concrete  containing  chert  aggregate 


TEST  TIME.  HR 


Figure  18.  Effects  of  water-cement  ratio  on  abrasion-erosion 
resistance  of  concrete  containing  trap  mck  aggregate 
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Figure  19.  Effect  of  water-cement  ratio  on  abrasion-erosion 
resistance  of  concrete  containing  quartzite  aggregate 


to  0.40  resulted  in  approximately  43  percent,  48  percent,  56  percent, 
and  30  percent  improvement  in  abrasion-erosion  resistance  (the  reciprocal 
of  abrasion-erosion  loss)  at  72  hr  for  concrete  containing  limestone, 
chert,  trap  rock,  and  quartzite,  respectively. 

59.  A  similar  relationship  between  water-cement  ratio  and 
abrasion-erosion  resistance  was  also  evident  for  fiber-reinforced  con¬ 
crete  (Figures  20  and  21).  In  these  cases,  approximately  41  percent  and 
38  percent  improvements  in  abrasion-erosion  resistance  were  realized  for 
fiber-reinforced  concrete  containing  1-in.  and  0.5-in.  straight  steel 
fibers,  respectively,  win  n  water-cement  ratio  was  reduced  from  0.72  to 
0.40. 

Ml.  Figure  22  plots  the  average  abrasion-erosion  loss  at  72  hr 
against  water-cement  ratio  for  concrete  containing  various  types  of 
aggregates.  This  figure  clearly  indicates  that  for  a _  .given  aggregate 
the  abrasion-erosion  resistance  of  concrete  increased  with  decrease  in 
water-cement  ratio. 
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Figure  20.  Effects  of  water-cement  ratio  on  abrasion- 
erosion  resistance  of  fiber-reinforced  concrete,  1-in. 
straight  fiber 


Figure  21.  Effects  of  water-cement  ratio  on  abrasion- 
erosion  resistance  of  fiber-reinforced  concrete,  0.5-in. 

straight  fiber 
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Figure  22.  Relationship  between  water-cement  ratio 
and  abrasion-erosion  loss 


Effects  of  Compressive  Strength 

61.  The  abrasion-erosion  resistance  of  concrete  having  compressive 
strengths  ranging  from  approximately  3000  psi  to  9000  psi  was  investi¬ 
gated.  The  relationship  between  abrasion-erosion  loss  at  72  hr  and 
compressive  strength  of  conventional  concrete  and  fiber-reinforced  con¬ 
crete  is  shown  in  Figures  23  and  24,  respectively. 

62.  These  curves  indicated  that  the  average  abrasion-erosion  re¬ 
sistance  for  both  the  limestone  conventional  and  fiber-reinforced  con¬ 
crete  increased  approximately  44  percent  as  the  compressive  strength 
increased  from  3000  psi  to  9000  psi.  These  data  confirm  the  findings  of 
other  investigators  (Kennedy  and  Prior  1953,  Witte  and  Backstrom  1951,  and 
Smith  1956)  who  concluded  that  the  abrasion-erosion  resistance  of  concrete 
increased  with  increase  in  compressive  strength.  However,  the  relation¬ 
ship  is  not  generally  linear.  Figures  23  and  24  seemed  to  indicate  that, 
in  general,  there  was  more  improvement  in  abrasion-erosion  resistance 
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abrasion-erosion  loss,  percent  by  mass  h.  abrasion-erosion  loss,  percent  by  mass 
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re  23.  Relationship  between  abrasion-erosion  resistance 
and  compressive  strength  of  conventional  concrete 


Figure  24.  Relationship  between  abrasion-erosion  resistance 
and  compressive  strength  of  fiber-reinforced  concrete 
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by  increasing  the  compressive  strength  from  3000  psi  to  6000  psi,  and 
there  appeared  to  be  less  advantage  to  increase  the  compressive  strength 
above  6000  psi.  For  example,  the  abrasion-erosion  loss  reduced  from 
10.5  percent  to  6.5  percent  when  the  compressive  strength  of  limestc  ■  ' 
concrete  increased  from  3000  psi  to  6000  psi  and  reduced  only  from  6.5 
percent  to  5.5  percent  when  the  compressive  strength  increased  from 
6000  psi  to  9000  psi. 


Effects  of  Aggregate  Type 

63.  Comparing  the  results  of  Batches  Tl,  T4,  T7,  and  T10,  each 
having  a  water-cement  ratio  of  0.72,  indicated  that  the  type  of  aggre¬ 
gate  has  a  significant  effect  on  the  abrasion-erosion  resistance  of  con¬ 
crete  that  contains  them  (Figure  25).  The  abrasion-erosion  loss  of 
limestone  concrete  at  72  hr  was  approximately  twice  as  much  as  that  of 
the  concrete  containing  chert  aggregate.  The  rate  of  abrasion-erosion 
loss  in  the  first  12  hr  was  generally  greater  than  the  remaining  test 


TEST  TIME,  HR 

Figure  25.  Effects  of  aggregate  type  on  abrasion-erosion 
resistance,  W/C  =  0.72 
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period  because  the  surface  mortar  layer  is  easier  to  abrade  and  the 
rate  of  abrasion-erosion  loss  decreases  as  the  mortar  layer  is  worn  away 
and  the  coarse  aggregate  is  exposed.  This  behavior  was  more  apparent  in 
concrete  containing  harder  aggregates.  For  example,  for  concrete  con¬ 
taining  chert  (Batch  T4),  approximately  30  percent  of  the  total  loss  oc¬ 
curred  in  the  first  12  hr  and  the  rate  of  abrasion  reduced  to  about 
half  for  the  remaining  test  period. 

6A.  Figures  26  and  27  show  the  effects  of  aggregate  type  on  the 
abrasion-erosion  resistance  of  concretes  with  water-cement  ratios  of  0.54 
and  0.40,  respectively.  The  influence  of  aggregate  type  on  abrasion- 
erosion  resistance  of  concrete  was  also  clearly  indicated. 

65.  The  abrasion-erosion  resistance  of  concretes  containing 
granite  and  slag  (Batches  T13  through  T16)  was  compared  (Figures  28 
and  29) .  The  concrete  containing  granite  had  more  abrasion-erosion  loss 
during  the  first  24  hr  than  the  slag  concrete.  However,  the  trend 
was  reversed  after  24  hr,  and  the  total  abrasion-erosion  loss  of  slag 
concrete  at  72  hr  was  approximately  22  percent  and  17  percent  higher 


TEST  TIME,  MR 

Figure  26.  Effects  of  aggregate  type  on  abrasion-erosion 
resistance,  W/C  *  0.54 
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TEST  TIME,  MR 

Figure  29.  Effects  of  aggregate  type  on  abrasion-erosion 
resistance,  W/C  =  0.55 


than  that  of  the  concrete  containing  granite  for  concretes  having  water- 
cement  ratios  of  0.50  and  0.55,  respectively.  The  vesicular  particles 
of  the  slag  aggregate  seemed  to  have  contributed  significantly  to  the 
abrasion-erosion  loss  of  the  slag  concrete  specimens.  The  porous  nature 
of  these  particles  is  evident  in  Figures  B5  and  B6. 

66.  Figure  30  plots  Los  Angeles  abrasion  losses  (ASTM  C  131-76),  at 
500  cycles,  of  various  aggregates  against  the  72-hr  abrasion-erosion  loss 
of  their  various  concretes  having  water-cement  ratio  of  0.54.  Apparently, 
no  relationship  existed  between  the  abrasion-erosion  resistance  of  concrete 
and  the  resistance  of  aggregate  to  abrasion.  Los  Angeles  abrasion  losses 
were  approximately  equal  for  soft  aggregate  such  as  limestone  and  rela¬ 
tively  hard  aggregate,  such  as  chert  (Figure  30).  However,  the  abrasion- 
erosion  resistance  of  the  concrete  containing  these  aggregates  varied 
widely,  and  the  limestone  concrete  was  much  less  resistant  than  that  con¬ 
taining  chert.  A  similar  finding  was  reported  by  Smith  (1956).  His 
explanation  for  this  wide  variation  lies  in  the  breakdown  characteristics 
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Figure  30.  Relationship  between  resistance  of  aggregate  to 
abrasion  and  concrete  abrasion-erosion  loss 


of  the  different  aggregates:  the  limestone  is  susceptible  to  crushing 
and  pulverization,  whereas  the  chert  chips  and  spalls  form  relatively 
coarse  particles.  When  concretes  containing  either  of  these  aggregates 
are  subjected  to  abrasion-erosion,  the  film  of  surface  mortar  resists 
the  abrasive  forces  initially,  but  as  the  mortar  is  worn  away,  the 
coarse  aggregate  is  exposed.  When  this  condition  exists,  the  softer 
limestone  aggregate  is  eroded  at  a  greater  rate  than  the  chert,  thus 
the  limestone  concrete  has  higher  abrasion-erosion  loss  than  that  of 
concrete  containing  chert. 

67.  The  average  Mohs  hardness  values  of  limestone,  trap  rock, 
chert,  and  quartzite  were  3.5,  6.4,  6.6,  and  7.0,  respectively.  Fig¬ 
ure  31  plots  the  Mohs  hardness  of  these  aggregates  against  the  abrasion- 
erosion  losses  of  their  concretes.  Trends  indicated  that  signi¬ 
ficant  correlation  existed  between  the  abrasion-erosion  resistance  and 
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Figure  31.  Relationship  between  aggregate  hardness  and 
abrasion-erosion  loss  of  concrete 


the  hardness  of  the  aggregate.*  Concrete  containing  soft  aggregate  was 
less  resistant  to  abrasion-erosion  than  similar  concretes  containing 
relatively  harder  aggregates.  This  same  trend  was  also  evident  in  fiber- 
reinforced  concrete  (Figure  32).  The  average  72-hr  abrasion-erosion 
loss  of  fiber-reinforced  concrete  containing  limestone  (Mohs  hardness  = 
3.5)  was  approximately  39  percent  higher  than  that  of  fiber-reinforced 
concrete  containing  siliceous  gravel  (average  Mohs  hardness  =  6.1). 

Effects  of  Concrete  Type 

68.  The  relative  abrasion-erosion  resistance  of  conventional  con¬ 
crete,  fiber-reinforced  concrete,  polymer-impregnated  concrete,  polymer 


*  Although  the  quartzite  is  slightly  harder  than  the  trap  rock  and  chert, 
the  abrasion-erosion  loss  of  concrete  containing  quartzite  was  found 
to  be  higher  than  that  of  the  concrete  containing  trap  rock  and  chert. 
The  weathered  quartzite  aggregates  used  in  this  test  program  may  have 
contributed  the  greater  abrasion-erosion  loss. 
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TEST  TIME,  MR 


Figure  32.  Effects  of  aggregate  type  on  abrasion-erosion 
resistance  of  fiber-reinforced  concrete 


Portland  cement  concrete,  methyl  methacrylate  polymer  concrete,  and 
vinyl  ester  polymer  concrete  was  investigated  in  this  program.  The  re¬ 
sults  are  evaluated  and  presented  in  the  following  paragraphs. 
Fiber-reinforced  concrete 

69.  A  comparison  of  the  results  of  Batches  T1  and  F4  (Figure  33), 
which  contain  limestone  aggregates  and  have  a  water-cement  ratio  of  0.72, 
indicated  that  the  fiber-reinforced  concrete  was  less  resistant  to 
abrasion-erosion  than  the  conventional  concrete  of  same  aggregate  type 
and  water-cement  ratio.  The  average  72-hr  abrasion-erosion  loss  of 
fiber-reinforced  concrete  was  approximately  22  percent  higher  than 
that  of  the  conventional  concrete.  Figures  34  and  35  indicated  that 
the  abrasion-erosion  losses  of  fiber-reinforced  concretes  were  consis¬ 
tently  higher  than  those  of  the  conventional  concretes  over  wide  ranges 
of  water-cement  ratio  and  compressive  strength.  The  poor  performance 
of  the  fiber-reinforced  concrete  subjected  to  abrasion-erosion  may  be 
attributed  to  two  factors. 
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abrasion-erosion  loss,  percent  by  mass 


Figure  33.  Effects  of  concrete  type  on  abrasion- 
erosion  resistance  (W/C  =  0.72,  limestone 
aggregate) 
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Figure  34.  Relationship  between  water-cement  ratio  and 
abrasion-erosion  resistance  of  conventional  concrete  and 
fiber-reinforced  concrete 
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Figure  35.  Relationship  between  compressive  strength  and 
abrasion-erosion  resistance  of  conventional  concrete  and 
fiber-reinforced  concrete 

a.  The  fiber-reinforced  concrete  generally  has  less  coarse 
aggregate  content  per  unit  volume  of  concrete  than  that 
of  the  comparable  conventional  concrete.  As  discussed 
previously,  the  coarse  aggregate  contributes  significantly 
to  the  abrasion-erosion  resistance  of  concrete.  There¬ 
fore,  it  is  reasonable  to  expect  that  the  fiber-reinforced 
concrete  is  less  resistant  to  abrasion-erosion  than  the 
conventional  concrete. 

t>.  When  fiber-reinforced  concrete  is  subjected  to  abrasion- 
erosion,  the  film  of  surface  mortar  resists  the  abrasion- 
erosion  forces  initially;  but  as  the  surface  mortar  is 
worn  away,  the  fibers  are  exposed.  The  water  flow  and 
the  movement  of  the  abrasive  charges  in  the  test  environ¬ 
ment  cause  the  exposed  fibers  to  vibrate.  As  the  fiber 
vibrates,  it  introduces  large  stresses  in  the  concrete 
due  to  stress  concentration.  These  large  stresses  con¬ 
tribute  to  further  deterioration  of  the  concrete  around 
the  fibers.  The  behavior  was  evidenced  by  the  deterio¬ 
rated  concrete  around  the  circumference  of  the  fibers 
on  the  surface  of  the  test  specimens. 

70.  The  effects  of  fiber  length  on  the  abrasion-erosion  resis¬ 
tance  of  fiber-reinforced  concrete  can  be  seen  from  Figure  36,  where 
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Figure  36.  Effect  of  fiber  length  on  the  abrasion-erosion 
resistance  of  fiber-reinforced  concrete 

the  average  72-hr  abrasion-erosion  losses  of  fiber-reinforced  concretes 
containing  0.5-in.  and  1.0- in.  straight  steel  fibers  are  plotted  against 
their  compressive  strengths.  The  lengths  of  the  fiber  being  investi¬ 
gated  apparently  had  very  little  effect  on  the  abrasion-erosion  resis¬ 
tance  of  fiber-reinforced  concrete. 

71.  It  was  claimed  that  the  collated  and  hooked  fibers  would  im¬ 
prove  workability,  eliminate  balling,  and  improve  the  static  and  dynamic 
properties  of  concrete  (Bekaert  Steel  Wire  Corporation  1975).  The 
abrasion-erosion  resistance  of  fiber-reinforced  concretes  containing 
two  sizes  of  hooked  fibers,  1.2-  and  2-in.  lengths,  was  investigated. 

A  comparison  of  the  results  of  Batches  F2 ,  F5,  F7,  and  F8,  which  contain 
limestone  aggregates  and  have  a  water-cement  ratio  of  0.54,  indicated 
that  the  abrasion-erosion  loss  of  the  fiber-reinforced  concrete  contain¬ 
ing  hooked  fibers  was  approximately  16  percent  less  than  that  of  the 
comparable  fiber-reinforced  concrete  containing  straight  fibers  (fig¬ 
ure  37).  The  improvement  in  abrasion-erosion  resistance  of  concrete 
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Figure  37.  Abrasion-erosion  resistance  of  fiber-reinforced 
concretes  containing  straight  fibers  and  hooked  fibers 


containing  hooked  fibers  was  probably  due  to  the  fact  that  there  were 
fewer  fibers  in  the  concrete  containing  hooked  fibers  (e.g.,  90  lb/cu  vd 
of  hooked  fibers  were  used  in  Batches  F7  and  F8  and  about  127.3  lb/cu  vd 
of  straight  fibers  were  caused  in  Batches  F2  and  F3)  and  therefore 
fewer  stress  raisers  in  the  concrete  containing  hooked  fibers. 
Polymer-impregnated  concrete 

72.  Figure  38  plots  the  abrasion-erosion  resistance  against  test 
time  for  conventional  concrete  (Batch  Tl)  and  polvmer-impregnated  con¬ 
crete  (Batch  Ml),  which  contain  limestone  aggregates  and  have  a  water- 
cement  ratio  of  0.72.  As  expected,  the  abrasion-erosion  resistance  of 
polymer-impregnated  concrete  was  significantly  superior  t o  the  compan ion 
unpolymerized  concrete.  The  average  72-hr  abrasion-erosion  loss  was 
reduced  approximately  70  percent  by  polymer  impregnation. 

73.  Batches  F9  and  M3  were  fabricated  bv  the  Seattle  District 
during  the  repair  of  Libby  Dam  stilling  basin.  They  each  contained 
siliceous  gravel  aggregates  and  1.0-in.  steel  fibers.  The  M3  specimens 
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Figure  38.  Abrasion-erosion  resistance  of  conventional 
concrete  and  polymer- impregnated  concrete 

were  polymer-impregnated  fiber-reinforced  concrete  similar  to  that  used 
in  4-ft  sections  along  construction  joints  in  the  stilling  basin.  The 
abrasion-erosion  resistance  of  these  materials  is  plotted  in  Figure  39. 
The  average  72-hr  abrasion-erosion  resistance  of  fiber-reinforced  con¬ 
crete  improved  bv  approximately  43  percent  bv  polvmer-impregnation. 
Polymer  port  land  cement  concrete 

74.  Figure  40  plots  the  abrasion-erosion  resistance  of  conven¬ 
tional  concrete  (Batch  T2)  and  polvmer  Portland  cement  concrete,  T’PCC , 
(Batch  M2),  which  contain  limestone  aggregates  and  have  a  water-cement 
ratio  of  approximately  0.94.*  The  average  72-hr  abrasion-erosion  loss 
of  t  lie  polvmer  port  land  cement  concrete  was  approximately  34  percent 
i  'wer  than  that  of  tin'  comparable  conventional  concrete. 


*  For  the  PPlT ,  the  water-cement  ratio  was  0 .  10  and  that  of  the 
po 1 vmo r-cemen t  ratio  was  0.2. 
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gure  39.  Abrasion-erosion  resistance  of  fiber-reinforced 
oncrete  and  polymer-impregnated  fiber-reinforced  concrete 
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Figure  40.  Abrasion-erosion  resistance  of  conventional 
concrete  and  polymer  portland  cement  concrete 
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Polymer  concretes 

75.  The  relative  abrasion-erosion  resistance  of  four  different 
types  of  polymer  concretes  (i.e.,  polymer- impregnated  concrete,  polymer 
Portland  cement  concrete,  methyl  methacrylate  polymer  concrete,  and 
vinyl  ester  polymer  concrete) ,  which  all  contained  limestone  aggre¬ 
gates,  is  shown  in  Figure  41.  Among  these  polymer  concretes  tested. 


TEST  TIME,  HR 

Figure  41.  Abrasion-erosion  resistance  of  polymer  concretes 

the  vinyl  ester  polymer  concrete  ranked  first  in  abrasion-erosion  resis¬ 
tance,  followed  by  methyl  methacrylate  polviner  concrete,  polymer- 
impregnated  concrete,  and  polvmer  port  land  cement  concrete.  If  the 
72-hr  abrasion-erosion  loss  for  vinyl  ester  polymer  concrete  was  con¬ 
sidered  unity,  the  abrasion-erosion  losses  of  methvl  methacrvlate  polv¬ 
mer  concrete,  polymer-impregnated  concrete,  and  polymer  portland  cement 
concrete  were  2.14,  2.82,  and  5.18,  respectively. 

Concrete  containing  fly  ash 

76.  Concrete  mixture  proportions  for  Batches  T2  and  T26  were 
essentially  identical  except  that  25  percent  (by  volume)  of  the 
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Portland  cement  in  Batch  T2  was  replaced  by  fly  ash  in  Batch  T26.  Since 
the  development  of  strength  in  concrete  containing  fly  ash  is  slower 
than  that  of  the  concrete  containing  portland  cement  alone,  the  Batch 
T26  specimens  were  tested  at  the  age  of  94  days  whereas  the  T2  specimens 
were  tested  at  28  days.  The  average  compressive  strengths  at  the  time 
of  abrasion-erosion  tests  were  6870  psi  and  7170  psi  for  Batches  T2  and 
T26,  respectively.  A  comparison  of  the  abrasion-erosion  test  results 
indicated  that  the  concrete  containing  fly  ash  had  less  abrasion-erosion 
loss  during  the  first  36  hr  than  the  concrete  without  fly  ash.  However, 
the  trend  was  reversed  after  36  hr,  and  the  total  abrasion-erosion  loss 
of  concrete  containing  fly  ash  at  72  hr  was  approximately  24  percent 
higher  than  that  of  the  concrete  without  fly  ash  (Figure  42). 
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Figure  42.  Abrasion-erosion  resistance  of  concretes 
with  and  without  fly  ash 


Effects  of  Surface  Treatment 


Vacuum  treatment 

77.  The  vacuum  treatment  in  which  excess  water  is  extracted  from 
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a  concrete  mixture  by  applying  suction  has  been  used  for  a  number  of 
years  in  various  parts  of  the  world  (U.  S.  Bureau  of  Reclamation  1943; 
Lewis,  Mattison,  and  Smith  1973;  Boija,  Larsson,  and  Sandburg  1972;  and 
Garnett  1959).  In  this  test  program,  the  effect  of  vacuum  treatment 
on  the  abrasion-erosion  resistance  of  concretes  with  water-cement  ratios 
of  0.72  and  0.54  (Batches  T17  and  T27,  respectively)  was  investigated. 

The  test  results,  which  are  plotted  in  Figures  43  and  44,  indicated 
that  the  abrasion-erosion  resistance  was  significantly  higher  for 
vacuum- treated  concrete  than  for  nonprocessed  concrete.  The  average 
72-hr  abrasion-erosion  losses  were  reduced  44  percent  and  39  percent  by 
vacuum  treatment  for  concretes  with  water-cement  ratios  of  0.72  and  0.54, 
respectively.  The  improvement  in  abrasion-erosion  resistance  of 
vacuum-treated  concrete  was  due  principally  to  the  reduction  of  the 
water  content  in  the  concrete  mixture. 

Surface  coatings 

78.  The  relative  abrasion-erosion  resistance  of  seven  different 
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Figure  43.  Effects  of  vacuum  treatment  on 
abrasion-erosion  resistance  of  concrete 
with  W/C  =  0.72 
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test  time,  hr 

Figure?  44.  Effect  of  vacuum  treatment  on  abrasion-erosion 
resistance  of  concrete  with  W/C  =  0.54 

types  of  concrete  surface  coatings  (i.e.,  two  types  of  polyurethane 
coating,  acrylic  mortar,  high  modulus  and  low  modulus  epoxy  resin  mortar, 
furan  resin,  and  iron  aggregate  topping)  was  investigated.  In  general, 
all  surface  coatings  investigated  had  good  resistance  to  abrasion- 
erosion.  The  abrasion-erosion  losses  of  all  coatings  were  significantly 
less  than  the  conventional  concrete.  The  test  results  are  shown  in 
Figure  45. 

79.  Both  polyurethane  coatings  (Batches  T19  and  T21)  exhibited 
excellent  abrasion-erosion  resistance  with  essentially  no  loss  in  72  tir. 
The  resilience  of  the  polyurethane  coatings  may  have  cushioned  the 
impact  of  the  abrasion  charges,  and  therefore  resulted  in  this  excellent 
performance . 

80.  The  two  epoxy  resin  mortar  coatings  (Batches  T22  and  T23) 
tested  had  essentially  the  same  abrasion-erosion  loss  at  72  hr.  The 
average  abrasion-erosion  losses  at  72  hr  were  0.23  percent  and  0.24 
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Figure  45.  Abrasion-erosion  resistance  of  various 
concrete  surface  coatings 


percent  for  low  modulus  and  high  modulus  epoxy  resin  mortar  coatings, 
respectively. 

81.  The  furan  resin  mortar  and  acrylic  mortar  had  approximately 
the  same  abrasion-erosion  loss  at  72  hr.  The  average  abrasion- 
erosion  losses  at  72  hr  were  0.58  percent  and  0.57  percent  for  furan 
resin  mortar  and  acrylic  mortar,  respectively.  During  the  test,  it  was 
noticed  that  the  furan  resin  mortar  did  not  bond  well  to  the  base 
concrete.*  The  interface  cracks  were  developed  after  24  hr  of  testing, 
and  the  coating  of  one  of  the  specimens  was  completely  separated  from 
the  base  concrete  in  60  hr. 

82.  Among  the  surface  coatings  investigated,  the  iron  aggregate 
topping  had  the  largest  amount  of  abrasion-erosion  loss.  The  average 
72-hr  abrasion-erosion  loss  of  the  iron  aggregate  topping  was  1.16  percent. 


*  A  small  amount  of  epoxv  resin  mav  he  added  to  the  furan  resins  to 
increase  the  bond. 
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PART  V:  CONCLUSIONS  AND  RECOMMENDATIONS 


83.  This  report  presents  the  results  of  tests  conducted  to  evalu¬ 
ate  the  relative  abrasion-erosion  resistance  of  various  materials  con¬ 
sidered  for  use  in  repair  of  concrete  stilling  basins.  General  conclu¬ 
sions  and  recommendations  based  on  the  test  data  obtained  are  formu¬ 
lated  and  discussed  in  the  following  paragraphs. 

Conclusions 


84.  The  abrasion-erosion  test  method  developed  in  this  test  pro¬ 
gram  is  suitable  for  evaluating  the  relative  resistance  of  concrete 
surfaces  subjected  to  abrasive  action  of  waterborne  particles.  Meaning¬ 
ful  evaluation  of  abrasion-erosion  resistance  of  concrete  to  such  action 
has  not  been  possible  heretofore. 

85.  The  abrasion-erosion  resistance  of  concrete  for  a  given  aggre¬ 
gate  increased  with  decrease  in  water-cement  ratio.  A  reduction  in 
water-cement  ratio  from  0.72  to  0.40  resulted  in  approximately  43  per¬ 
cent,  48  percent,  56  percent,  and  30  percent  improvements  in  abrasion- 
erosion  resistance  for  concrete  containing  limestone,  chert,  trap  rock, 
and  quartzite,  respectively. 

86.  For  the  same  aggregate,  the  abrasion-erosion  resistance  of  con¬ 
crete  increased  with  an  increase  in  compressive  strength.  The  average 
abrasion-erosion  resistance  of  concrete  increased  approximately  44  percent 
as  the  compressive  strength  increased  from  3000  psi  to  9000  psi. 

87.  Test  results  indicated  that  the  type  of  aggregates  has  a 
significant  effect  on  the  abrasion-erosion  resistance  of  concrete  that 
contains  them.  The  abrasion-erosion  loss  of  concrete  containing  lime¬ 
stone  aggregate  was  approximately  twice  as  much  as  that  of  the  concrete 
containing  chert. 

88.  No  relationship  existed  between  the  abrasion-erosion  resis¬ 
tance  of  concrete  and  the  resistance  of  aggregate  to  abrasion  as  deter¬ 
mined  by  the  Los  Angeles  abrasion  tests.  However,  highly  significant 
correlation  existed  between  the  abrasion-erosion  resistance  and  the 
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hardness  of  the  aggregate.  Concrete  containing  soft  aggregate  was  less 
resistant  to  abrasion-erosion  than  were  similar  concretes  containing  rela¬ 
tively  harder  aggregates. 

89.  The  fiber-reinforced  concrete  was  less  resistant  to  abrasion- 
erosion  than  the  conventional  concrete  of  same  aggregate  type  and  water- 
cement  ratio.  The  average  72-hr  abrasion-erosion  loss  of  fiber-reinforced 
concrete  was  approximately  22  percent  higher  than  that  of  the  conventional 
concrete;  both  concretes  contain  limestone  aggregates  and  have  a  water- 
ceinent  ratio  of  0.72. 

90.  The  abrasion-erosion  resistance  of  po] vmer-impregnated  con¬ 
crete  was  significantly  superior  to  the  companion  unpolvmerized  concrete. 
The  average  72-hr  abrasion-erosion  losses  reduced  approximately  70 
percent  and  45  percent  by  polymer  impregnation  for  conventional  lime¬ 
stone  concrete  and  siliceous  gravel  fiber-reinforced  concrete, 
respectively. 

91.  The  abrasion-erosion  resistance  of  polymer  Portland  cement 
concrete  was  approximately  34  percent  higher  than  that  of  t  ho  comparable 
conventional  concrete. 

92.  Among  the  polymer  concretes  tested,  the  vinyl  ester  polymer 
concrete  ranked  first  in  abrasion-erosion  resistance,  followed  by  methyl 
methacrylate  polymer  concrete,  polymer-impregnated  concrete,  and  polvmer 
Portland  cement  concrete.  If  the  72-hr  abrasion-erosion  loss  for 
vinyl  ester  polymer  concrete  was  considered  unity,  the  abrasion-erosion 
losses  of  methyl  methacrv late  polymer  concrete,  polymer-impregnated  con¬ 
crete,  and  polymer  Portland  cement  concrete  were  2.14,  2.82,  and  5.18, 
respectively. 

93.  The  total  abrasion-erosion  loss  of  concrete  containing  fly 
ash  at  72  hr  was  approximately  24  percent  higher  than  that  of  t  lie  con¬ 
crete  without  flv  ash. 

94.  The  abrasion-erosion  resistance  was  significantly  higher  for 
vacuum-treated  concrete  than  it  was  for  nonprocessed  concrete.  The 
average  72-hr  abrasion-erosion  losses  reduced  bv  44  percent  and  19  per¬ 
cent  by  vacuum  treatment  for  concretes  with  water-cement  ratios  of  0.72 
and  0.54,  respectively. 
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•  95.  All  surface  coatings  investigated  bad  good  resistance  to 

abrasion-erosion.  The  polyurethane  coatings  had  essentially  no  abrasion- 
erosion  loss  in  72  hr.  The  average  abrasion-erosion  losses  at  72  hr 
were  0.23  percent,  0.24  percent,  0.58  percent,  0.57  percent,  and 
1.16  percent  for  low  modulus  epoxy  resin  mortar,  high  modulus  epoxy 
resin  mortar,  furan  resin  mortar,  acrylic  mortar,  and  iron  aggregate 
topping,  respectively. 


Recommendat ions 


96.  The  abrasion-erosion  test  method,  presented  in  Appendix  C, 
is  recommended  for  inclusion  in  the  "Handbook  for  Concrete  and  Cement" 
(WKS  1949)  as  a  standard  test  method  for  determining  the  relative  resis¬ 
tance  of  concrete  surfaces  to  abrasion-erosion  under  water. 

97.  Fiber-reinforced  concrete  should  not  be  used  for  new  con¬ 
struction  or  repair  of  stilling  basins  or  other  hydraulic  structures 
where  abrasion-erosion  is  of  major  concern. 

98.  Pending  further  studies  of  laboratory  and  field  performance 
tests  on  polymer  concretes  and  concrete  coatings,  conventional  concrete 
of  the  lowest  practical  w.  ter-cement  ratio  and  of  the  hardest  available 
aggregates  is  recommended  for  use  in  new  construction  and  for  repair  to 
existing  hvdraulic  structure.*-  where  abrasion-erosion  is  to  be  expected. 

99.  The  abrasion-erosion  resistance  ot  polymer  concrete  is  signi¬ 
ficant  ly  superior  to  the  conventional  concrete.  The  technical  and  eco¬ 
nomic  feasibility  of  using,  both  cast- in-place  and  precast  polymer 
concrete  elements  for  stilling  basins  and  other  hydraulic  structures 
should  he  investigated. 

100.  The  principal  disadvantages  of  pol vuret hane  coatings  relate 
to  the  necessity  for  vt-rv  careful  surface  preparat ion  before  applieat  ion. 
The  toughness  of  the  coatings  is  so  great  that  unless  precautions  are 
taken  to  obtain  the  highest  adhesion,  the  coal ing  can  strip  away  from 
the  substrate  in  large  sheets  (American  Concrete  Institute  l'>78)  .  In  a 
verv  limited  field  test,  the  material  had  blisters  and  some  areas  ot 
bond  failure  utte  r  2  years  exposure  under  water  (Mcbonaid,  l'tH(l).  The 
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long-term  dimensional  stability  and  adhesion  and  tear  properties  of 
these  coatings  under  field  conditions  should  be  investigated.  Other 
surface  coatings  investigated  in  this  test  program  are  also  promisin’. 
Field  tests  of  these  coatings  at  selected  stilling  basins  are 
recommended . 

101.  The  vacuum  treatment  significantly  improves  the  abrasion- 
erosion  resistance  of  conventional  concrete.  This  method  appears  to  he 
suitable  for  use  in  the  stilling  bits  in  tloor  construction,  and  a  field 
investigation  is  recommended. 

102.  The  limited  tests  indicated  that  t!  ie  a bras i on-eros i on  loss 
of  concrete  containing  flv  ash  was  higher  than  that  of  the  concrete 
without  flv  ash.  However,  this  result  mav  not  he  conclusive  because 
insufficient  tests  were  made .  Since  most  ot  the  concrete  lor  the 
hydraulic  structures  contain  flv  ash,  it  is  recommended  that  additional 
laboratory  tests  he  conducted. 

101.  A  recent  survev  indicated  that  most  ot  the  severe  abrasion- 
erosion  damage  in  tin.’  stilling  basin  is  located  at  or  near  t  lie  const  ruc¬ 
tion  or  contraction  joints  (McDonald,  IMHO).  lhe  abrasion-erosion 
rosistanco  of  various  tvpos  of  joints  should  be  studied.  ! urt  iiermore , 
the  effects  of  placing,  finishing,  and  curing  ol  concrete  on  tin 
abrasion-erosion  rosistanco  m  concroto  should  also  he  studied. 
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Concrete  Abrasion-Erosion  Test  Program  and  Results 


conventional  concrete. 


Avg  Abra-  Fresh  Concrete 

Comp.  Flex.  slon  Loss  Properties 

Concrete  Aggregate  Fiber  Str  Str  Surface  at  72-hr  Slump  Air 


fiber-reinforced  concrete;  PC  =  polymer  concrete 


Concrete  Mixture  Proportions 
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Maximum  aggregate  size  =  1-1/2  in. 


Table  3 

Abrasion-Erosion  Test  Data 


Specimen 

Abrasion- 

Erosion  Loss 

,  Percent 

by  Mass 

Batch 

No. 

12  hr 

24  hr 

36  hr 

48  hr 

60  hr 

72  hr 

T1 

1 

2.74 

4.77 

6.52 

8.16 

8.74 

9.31 

T1 

2 

1.65 

3.38 

5.64 

6.83 

8.24 

8.43 

T1 

3 

2.41 

4.46 

5.30 

7.27 

8.63 

9.63 

T1 

Average 

2.27 

4.20 

5.82 

7.42 

8.54 

9.12 

T2 

1 

1.72 

3.00 

4.24 

5.24 

5.80 

6.32 

T2 

2 

1.68 

2.86 

3.83 

4.72 

5.23 

5.87 

T2 

3 

1.61 

2.85 

3.42 

4.46 

5.16 

6.17 

T2 

Average 

1.67 

2.90 

3.83 

4.81 

5.40 

6.12 

T3 

1 

1.23 

2.21 

3.24 

4 . 01 

5.29 

6.40 

T3 

2 

1.20 

1.70 

2.47 

3.10 

3.82 

4.71 

T3 

3 

0.79 

1.33 

1.92 

2.48 

3.58 

4.42 

T3 

Average 

1.07 

1.75 

2.54 

3.20 

4.23 

5.18 

T4 

1 

1.27 

1.89 

3.00 

3.91 

4.26 

4.86 

T4 

2 

1.42 

1.97 

2.75 

3.50 

4.13 

4.77 

T4 

3 

1.33 

1.95 

2.74 

3.74 

4.12 

4.75 

T4 

Average 

1.34 

1.94 

2.83 

3.72 

4.17 

4.79 

T5 

1 

1.05 

1.68 

2.39 

2.65 

3.46 

3.60 

T5 

2 

1.05 

2.00 

2.52 

3.05 

3.58 

4.02 

T5 

3 

1.00 

1.83 

2.46 

2.96 

3.51 

3.80 

T5 

Average 

1.03 

1.84 

2.46 

2.89 

3.52 

3.81 

T6 

1 

0.39 

1.00 

1.47 

1.78 

2.01 

2.40 

T6 

2 

0.39 

1.07 

1.67 

1.96 

2.09 

2.56 

T6 

3 

0.41 

1.06 

1.55 

1.84 

2.05 

2.46 

T6 

Average 

0.40 

1.04 

1.56 

1.86 

2.05 

2.47 

T7 

1 

1.72 

2.80 

3.59 

4.33 

4.99 

5.84 

T7 

2 

2.21 

3.55 

5.10 

5.70 

6.10 

6.28 

T7 

3 

1.58 

2.95 

3.72 

4.27 

4.88 

5.06 

T7 

Average 

1.84 

3.10 

4.14 

4.77 

5.32 

5.73 

T8 

1 

1.54 

2.69 

3.40 

3.71 

4.58 

4.81 

T8 

2 

1.40 

2.17 

2.88 

3.44 

3.82 

4.15 

T8 

3 

1.27 

2.36 

2.99 

3.50 

3.93 

4.31 

T8 

Average 

1.40 

2.41 

3.09 

3.55 

4.11 

4.42 

T9 

1 

0.33 

0.73 

1.32 

1.87 

2.23 

3.01 

T9 

2 

0.08 

0.58 

0.91 

1.51 

2.02 

2.49 

T9 

3 

0.28 

0.66 

0.78 

1.23 

1.54 

2.04 

T9 

Average 

0.23 

0.66  1.00 

(Continued) 

1.54 

1.93 

2.31 
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Table  3  (Continued) 


Specimen 

Abrasion- 

Erosion  Loss 

,  Percent 

by  Mass 

Batch 

No. 

12  hr 

24  hr 

36  hr 

48  hr 

60  hr 

72  hr 

T10 

1 

2.30 

3.94 

4.47 

4.63 

5.74 

6.15 

T10 

2 

2.10 

3.42 

4.89 

4.89 

5.57 

5.79 

T10 

3 

1.60 

3.74 

6.61 

6.61 

7.03 

7.06 

T10 

Average 

2.00 

3.70 

5.32 

5.38 

6.11 

6.33 

Til 

1 

1.52 

2.53 

3.41 

4.21 

4.80 

5.12 

Til 

2 

1.80 

2.61 

3.49 

3.95 

4.41 

4.76 

Til 

3 

1.46 

2.53 

3.51 

4.12 

4.57 

4.71 

Til 

Average 

1.59 

2.56 

3.47 

4.09 

4.59 

4.86 

T12 

1 

1.53 

2.37 

2.69 

3.35 

4.01 

4.22 

T12 

2 

1.19 

2.25 

2.73 

3.39 

3.79 

4.37 

T12 

3 

1.38 

2.22 

2.25 

3.21 

3.74 

4.65 

T12 

Average 

1.37 

2.28 

2.56 

3.32 

3.85 

4.41 

T13 

1 

3.11 

4.54 

5.19 

5.73 

6.27 

6.32 

T13 

2 

3.38 

5.27 

6.14 

6.76 

6.95 

7.35 

T13 

Average 

3.25 

4.91 

5.67 

6.25 

6.61 

6.84 

T14 

1 

3.71 

5.19 

5.86 

6.32 

6.80 

6.94 

T14 

2 

4.46 

5.94 

6.24 

6.75 

6.78 

6.89 

T14 

Average 

4.09 

5.57 

6.05 

6.54 

6.79 

6.92 

T15 

1 

2.71 

5.16 

6.48 

7.13 

7.81 

8.54 

T15 

2 

1.82 

3.91 

5.78 

6.98 

7.54 

8.16 

T15 

Average 

2.27 

4.54 

6.13 

7.06 

7.68 

8.35 

T16 

1 

3.58 

6.19 

7.97 

8.63 

8.89 

9.12 

T16 

2 

2.59 

4.92 

5.85 

6.62 

7.00 

7.14 

T16 

Average 

3.09 

5.56 

6.91 

7.63 

7.95 

8.13 

T17 

1 

0.92 

2.11 

3.37 

4.61 

5.47 

6.58 

T17 

2 

0.71 

1.43 

2.30 

2.94 

4.34 

5.21 

T17 

Average 

0.82 

1.77 

2.84 

3.78 

4.91 

5.90 

T17 

Control 

3.19 

6.54 

8.59 

9.29 

10.16 

10.52 

T18 

1 

1.51 

2.49 

3.68 

4.69 

5.72 

6.54 

T18 

2 

1.59 

2.97 

3.59 

4.59 

5.84 

6.37 

T18 

3 

1.96 

3.28 

4.47 

5.02 

5.87 

6.13 

T18 

Average 

1.69 

2.91 

3.91 

4.77 

5.81 

6.35 

T19 

1 

0.05 

0.16 

— 

— 

0.21 

0.21 

T19 

2 

0.08 

0.11 

0.08 

0.03 

— 

0.05 

T19 

3 

0.13 

0.13 

— 

— 

— 

— 

T19 

Average 

0.09 

0.13 

— 

— 

— 

0.13 

(Continued) 
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Table  3  (Continued) 


Specimen 

Abrasion- 

Erosion  Loss 

,  Percent 

by  Mass 

Batch 

No. 

12  hr 

24  hr 

36  hr 

48  hr 

60  hr 

72  hr 

T20 

1 

0.19 

0.33 

0.41 

0.52 

0.62 

0.73 

T20 

2 

0.14 

0.24 

0.30 

0.38 

0.46 

0.52 

T20 

3 

0.14 

0.19 

0.27 

0.33 

0.38 

0.46 

T20 

Average 

0.16 

0.25 

0.33 

0.41 

0.49 

0.57 

T21 

1 

0 

0 

0 

0 

0 

0 

T21 

2 

0.05 

0.05 

0.05 

0.05 

0.05 

0.08 

T21 

3 

0 

0 

0 

0 

0 

0 

T21 

Average 

0.02 

0.02 

0.02 

0.02 

0.02 

0.03 

T22 

1 

0.21 

0.28 

0.31 

0.38 

0.41 

0.45 

T22 

2 

0.07 

0.07 

0.10 

0.14 

0.14 

0.14 

T22 

3 

0.03 

0.06 

0.06 

0.06 

0.06 

0.09 

T22 

Average 

0.10 

0.14 

0.16 

0.19 

0.20 

0.23 

T23 

1 

0.03 

0.06 

0.13 

0.19 

0.26 

0.35 

T23 

2 

0 

0.06 

0.10 

0.13 

0.16 

0.23 

T23 

3 

0.03 

0.03 

0.06 

0.06 

0.10 

0.13 

T23 

Average 

0.02 

0.05 

0.10 

0.13 

0.17 

0.24 

T24 

1 

0.13 

0.17 

0.30 

0.35 

0.39 

— 

T24 

2 

0.17 

0.22 

0.30 

0.35 

0.35 

0.58 

T24 

Average 

0.15 

0.20 

0.30 

0.35 

0.37 

0.58 

T25 

1 

0.39 

0.56 

0.69 

0.87 

1.03 

1.18 

T25 

2 

0.31 

0.49 

0.64 

0.83 

1.01 

1.14 

T23 

Average 

0.35 

0.53 

0.67 

0.85 

1.02 

1.16 

T26 

1 

0.96 

2.23 

3.17 

4.20 

5.60 

7.12 

T26 

2 

1.08 

2.57 

4.12 

5.53 

6.72 

7.98 

T26 

3 

1.04 

2.41 

4.07 

4.96 

6.41 

7.68 

T26 

Average 

1.03 

2.40 

3.79 

4.90 

6.24 

7.59 

T27 

1 

0.75 

1.47 

2.49 

3.26 

4.17 

5.94 

T27 

2 

0.73 

1.70 

2.20 

2.96 

4.40 

5.11 

T27 

3 

0.87 

2.21 

2.78 

3.97 

5.32 

6.65 

T27 

Average 

0.78 

1.79 

2.49 

3.40 

4.63 

5.90 

T27 

Control 

1.99 

4.01 

5.87 

7.55 

8.60 

9.61 

FI 

1 

1.87 

3.68 

5.14 

5.68 

8.07 

9.94 

FI 

2 

2.16 

3.27 

5.27 

6.43 

7.83 

9.55 

FI 

3 

2.30 

3.84 

4.90 

6.75 

8.21 

9.70 

FI 

Average 

2.11 

3.60 

5.10 

6.29 

8.04 

9.73 

F2 

1 

1.77 

2.91 

4.10 

5.36 

6.57 

7.71 

F2 

2 

1.19 

1.97 

3.08 

4.59 

5.93 

7.06 

F2 

Average 

1.48 

2.44  4.03 

(Continued) 
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Table  3  (Continued) 


Specimen 

Abrasion- 

Erosion  Loss 

,  Percent 

by  Mass 

Batch 

No. 

12  hr 

24  hr 

36  hr 

48  hr 

60  hr 

hr 

F3 

1 

1.75 

3.02 

3.60 

4.11 

5.05 

6.19 

F3 

2 

1.62 

2.63 

3.52 

4.10 

5.55 

6.26 

F3 

3 

1.01 

2.01 

3.02 

3.72 

4.65 

5.66 

F3 

Average 

1.46 

2.55 

3.38 

3.98 

5.08 

6.04 

F4 

1 

4.39 

7.96 

9.95 

11.37 

12.14 

12.40 

F4 

2 

3.02 

5.30 

7.66 

9.19 

10.16 

10.45 

F4 

3 

2.79 

5.95 

7.96 

9.71 

10.13 

10.65 

F4 

Average 

3.40 

6.40 

8.52 

10.09 

10.81 

11.17 

F5 

1 

0.91 

1.89 

3.03 

3.  74 

4.93 

6.82 

F5 

2 

1.45 

2.96 

4.21 

5.63 

6.79 

8.24 

F5 

3 

1.82 

3.24 

4.23 

6.03 

6.73 

7.92 

F5 

Average 

1 . 39 

2.70 

3.82 

5.13 

6.15 

7.66 

F6 

1 

]  .31 

2.12 

3.24 

4.21 

5.60 

6.38 

F6 

2 

1.  31 

2.49 

3.53 

4.58 

6.41 

7.28 

F6 

3 

0.90 

2.01 

2.84 

3.48 

4.59 

6.27 

F6 

Average 

1.17 

2.21 

3.20 

4.09 

5.53 

6 . 64 

F7 

1 

1.35 

3.00 

3.90 

5.17 

6.31 

6.70 

F7 

2 

1.08 

1.88 

2.96 

3.84 

5.40 

5.65 

F7 

3 

1.31 

2.78 

3.79 

4.93 

5.99 

6.32 

F7 

Average 

1.25 

2.55 

3.55 

4.65 

5.90 

6.22 

F8 

I 

1.14 

2.34 

3.23 

4.40 

5.59 

6.35 

F8 

2 

1.13 

2.11 

3.47 

4.42 

5.19 

6.23 

F8 

3 

1.18 

2.30 

3.33 

4.30 

5.12 

6.20 

F8 

Average 

1.15 

2.25 

3.34 

4.37 

5.30 

6.22 

F9 

1 

0.90 

1.76 

2.39 

2.85 

3.48 

4.48 

F9 

2 

0.81 

1.29 

1.62 

2.37 

2.80 

3.56 

F9 

Ave rage 

0.86 

1.53 

2 . 00 

2.61 

3.14 

4.02 

Ml 

1 

0.62 

1  .02 

1.16 

1.56 

2.10 

2.37 

Ml 

2 

0.95 

1  .62 

2.03 

2.44 

2.84 

3.30 

Ml 

Average 

0.79 

1  .32 

1  .60 

2.00 

2.47 

2.84 

M2 

1 

0.4  1 

1  .06 

1  .81 

2.40 

2.84 

3.70 

M2 

2 

0.41 

1.00 

1.65 

2.42 

2 . 9q 

4.02 

M2 

3 

0.73 

1  .  38 

2.00 

2.67 

3.56 

4.41 

M2 

Average 

0.52 

1.15 

1.82 

2.50 

3.13 

4 .04 

M3 

l 

0.49 

0.82 

1.18 

1.59 

1.86 

2.19 

M3 

2 

0.  54 

0.81 

1  .07 

1.61 

1  .88 

2.20 

M3 

Average 

0.52 

0.82 

1.13 

1.60 

1  .87 

2.20 

(Cont inued) 
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Table  3  (Concluded) 


Specimen 

Abrasion- 

Erosion  Loss 

,  Percent 

bv  Hass 

Batch 

No. 

12  hr 

24  hr 

36  hr 

48  hr 

bO  hr 

7  2  hr 

M4 

1 

1.37 

1.69 

1.87 

2 . 04 

2.19 

2 . 30 

M4 

2 

0.50 

0.85 

1.02 

1.20 

1.11 

1.43 

M4 

3 

0.61 

0.82 

0.96 

1  .08 

1.17 

1.28 

M4 

Average 

0.83 

1.12 

1.28 

1  .44 

1.56 

1.67 

M 5 

1 

0.18 

0.27 

0.36 

0.52 

0.64 

76 

M5 

2 

0.27 

0.39 

0.49 

0.  58 

0.67 

0.82 

M5 

3 

0.21 

0.33 

0.43 

0.55 

0.67 

0.76 

M5 

Average 

0.22 

0.33 

0.43 

0.  55 

0.66 

0.  78 
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RATIO  Of  SAMPLE  TO  ?  DAYS 

OTTAWA  SAND  2B  DAYS 

— 

TEST 

ME  TWOD. 

DEC  AM  TATI  ON 

%  PASSING  NO.  200  SltvE 

1.1* 

If  ST 

METMon  CRD-CIO; 

0  R  6  AN  1  C  IMPUAI  XI  ES 

fCOLORIME TPlC  TEST) 

Clear 

TEST 

METHOD  CRD-C121 

SPCCI M  C  1 

BRAYl  TY  AMD  ABSO  RPT 1  OR 

Si  26 

i  Bill  A  *.P.  ON.  ' 

S  ABSOKP  TICS 

SANO 

?  .  *'l 

'2.1' 

NO.  4.34' 

2.5?' 

;  l:o  — 

3 ' 4  ’  -  )  )f  2  • 

»•  1/2  •  7  \'7  • 

i 

NO.  4  3|*  3/1.  L' 

1  •  -  2  • 

~ai  n  2 . 32  _ 

1.6 

test  method  CRD-C10T 

CRI>-C10B 

LOS  ANGELES  ABRASION 

TEST 

class  _  C  aiid  A 

no.  *C  volitions 

100 

500 

•  T.  LOSS  IN  PERCENT 

-  JL  - 

Test  M(  THOD 

ChI)-< 

Drain 

:  317 

31 

PLATE  A6 


CC l- i  cc  hunrl'i.  U.S.  AfJ-Y 
SCUTK  P*c:fic  DiVIS'O  LAtC'A?C-*1 
S*'J  SA.  I  TO  ,  C  A(  *  rc  r  »  !  A 


COARSE  AGG® £  .•  A  TE  Su.'fcC 


SIEVE  ANALYSES,  CUMULATIVE  \  PASSiNu 


.  T _ 4  .  3/  4  * _  1 _ 3/  4*  .  1-_I /?  * 

:  GRACING  [  SPECIFIED  ]  GRADING  T  SPECIF 


»-  i  / ;  •  - 

chads  n;  I  scicif: 


j  COARSE  AGGREGATI 
0*9  I  SET:  IN  MU 


- - J  SIEVE 

GRADING  SPECIFIED  SITE 


GRADING 

SPEC  1  f  1  t 

100 

+“  '“TOO  - 

99 

”T  95-100 

91-  . 

.  i.  80-S0._ 

.  7S  . 

.  i  _55rI5 

-  -.49  .. . 

_ 3Q=£Q_.. 

_  -25  ... 

I-J2-3Q.. 

MORTAR 

STRENGTH 

RATIO  OF  SAMPl  E  TO 

1  *xo»rs  1.02 

OTTAWA  SAND 

20- DAYS  _ 

TEST  METHOD.  CRD-C 

116 

SPECIFIC  GRAVITY  AND  ABSORPTION 

SIZE  T  fen  A  SP.  GR.  T  %  ABSORPTION 

I'l _’_4— -4 ~_L£ _ 


OE  C  AN  T  ATI  ON 

»  MASSING  NO.  100  SI  EVE 

test  method.  CRD-C  105 


0  A6  AN  I  C  IMPUtl  Tl  IS 


I  COE  ONI  METRIC  TESTI 
TEST  METHOD:  CRD-C  12] 


NO.  4 

~T7i- - 

3/4*  - 

V  1/2  * 

» .  1/2  ’ 

■  2-1/2* 

NO.  4 

1  * 

TEST  METHOD  CRC-C  107 
CRD-C  108 


10S  ANGELES  ABRASION  TEST 
a»ss _ A _ 

NO  REVOLUTIONS  100 

WT.  LOSS  IN  NENCENT  _ 


TEST  METMOO:  CRD-C  117 


SfO  for" 


PLATE  A7 


PLATE  A8 


REPORT  OF  SELECTION 
OF  CONCRETE  MIXTURE 
PROPORTIONS 

(CRD-C  3 


MATERiAl.5 

PCRTlANO  LfcVfc*.’  SS-C-192 

Trp|  I  A  OOl  T  IONS 

b«anoanomilw  Marquette 

|  POnOlON  0“  O'MER 
f»p£ 

SOcMCt 

|  A<  H  fi'  A'lMK 

I  ?,PE  Hunts 

a . .  4.0  fl  oz/ cu  y 

INE  AGGRFGATfe- 


COARSE  fiC-GPl  oAT  t 


TVPE  Chert 

4°u,cf  Arkadelphia  Sand  &  Gravel  Co. 


Chert 

Runyan  Pitt 


CL- 20  S-l 
CL- 2 2  G-l 


coarsc  «ogh£ 


MIX  Bv  \ 

WEIGHT 

.  S  S  D  Wt'GrtTS 
|  ONE  CU  'D  BATCH 
■LB 

SO^'.o  "0. 

OnF  (.  .  •  L 
■  C  FT 

385.0 

, 

1 .959 

l 

3.28  ; 

1262.4 

7.781 

4.63 

1781.8 

1 

11.198 

0.72 

! 

.  277.2 

4.442 

y//// y////. 

_  1.620 

1 

3706.4 

27.000 

/  (  al’  uiotfj  ,i n  (ht  •»/ 

f.  i  P'r  t «  rj  •!»  thr  pr'‘  mt  iigr  ■>!  "Nun*  u  illrr  sr  piu.il i  if  (hr  ,  „i\.  rrtr  u  hrn  If  \  lrd  ‘ 

?  /n  Mr  rnli'r  ktiUh  m  mixrti 

t  In  that  I’.i'tu/n  rf  ihf  •  iaurrir  •  ■•n/A'iin*  ogt'fgitlr  small"  (hat  ihr  i-l  J-in  \i  nr 


j'Aiibiii  (> ,  p/ut  n  >  if  > .  Vrrrfm*.  rli 


PLATE  All 


PLATE  A12 


PLATK  A16 


REPORT  OF  SELECTION 
OF  CONCRETE  MIXTURE 
PROPORTIONS 

kro-c  a 


MATERIALS 

f*<^**>.*^  t»lN'  VVL  '»*• 

f  1 

[  "o/ioto*  cm  oth«m  i  tMtN'  1 

»  «  c*  '  a c>mi *  Mir 

’  >  l  *001  r»a*% 

'-«■!  None 

1 

■  Hunts 

H*Us;  *n.i  mu  . 

souRt t 

Marquette 

L 

1,5  02  /  cu  yd 

F  INE  AGGREGATE  | 

i.i-ARAE  AGGRTGATf 

"'J*  Sioux  Quartzite 

Sioux  Quartzite 

s,:i  3/4  in. 

w  *  L.  G.  Everist  Quarry,  S. 

D. 

'u"0,1  L.  Everist  Quarry,  S.D. 

i>^i  u  .j lr'  ■  rf  ■ir<ii.ng  It.  m  i 


via: i  All 


PLATE  A19 


REPORT  OF  SELECTION 
OF  CONCRETE  MIXTURE 
PROPORTIONS 


REPORT  OF  SELECTION 
OF  CONCRETE  MIXTURE 
PROPORTIONS 

ICRO-C  31 


SYMBOL 
SERIAL  NO. 


CONCRETE  RCQUIREO  FOR 


PORTLAND  CEMENT.  SS-C-192, 
TYPE:  IX  ADDITIONS 

■  RAND  AND  MILL 


PCZZOLOM  OR  OTHER  CEMENT 

type 

SOURCE 


AIR  ENT  ADMIXTURE 

TYPE  Lab  Stock 
AMOUNT*  NVR 


FINE  AGGREGATE 


type  Granite 


COARSE  AGGREGATE 


1-1/2  in. 


MATERIALS 
PORTLANO  CEMENT 


SAMPLE  SERIAL  NO 

RC-705 


COARSE 
I  A  GG«  <%l 


BULK  SP  GR  (SSDl  ABSCRP  * 

305 


PINE  AGGREGATE 
COARSE  AGGREGATE  IAI 
COARSE  AGGREGATE  IB' 
COARSE  AGGREGATE  iCl 
COARSE  AGGREGATE  ID, 


PINE  AGGREGATE 
COARSE  AGGREGATE  IA' 
COARSE  AGGREGATE  •■> 
_COARSE  AGGREGATE  1C* 
COARSE  AGGREGATE  f 0» 
RATER 

AIR  _ _ 

TOTAL 

jrcjmr,  0.55 

i«  _  3.75 

_BLEEOlNG  r%»» 

AIR  CONTENT  I V  1  6_a.O 
AIR  CONTENT  IM< _ 


.  LA- 2  S-l 

LA-2  G-4 _ 

-  LA-2.G-5- _ 


4  -  200  J 
4  -  3/4  in.  j 


MIXTURE  DATA 

MIX.  BY 
WEIGHT 

S.  S.  0  WEIGHTS 
ONE  CU  YD  BATCH 
(LBI 

SOLID  VOL 
ONE  CU  YD 
(CU  PTI 

LOO 

517.0 

2.630 

2.30 

1189 

7.385 

1.05 

544 

3.877 

1.96 

1011 

7.200 

0.55 

284 

4.558 

2.58  _ 
2.25 
.2.25 


SPECIMEN  DAT* 


1.4 
_  6.0 
6.0 


_ _ 

LZjlOPO  ...I—T _ _ 

S' A.  *  VOLUME  40 

ThEO  unit  »T  <  l_  B  CU  FTP 

ACTUAL  UNIT  »T  ilB  CU  FTP  131.3 

ThEO  CEMENT  F»CT  ILB  Cu  v  D* 

ACTUAL  CEMENT  FACT  i  LB  CU  YP|  517 


1  Calculated  on  the  basis  of 

2  Expressed  as  the  percentage  of  mitmg  Hater  separating  from  the  concrete  when  tested  hy  CR0-C  9 

3  In  the  entire  bouh  as  mixed. 

4  In  that  portion  of  the  concrete  containing  aggregate  smaller  than  (he  /•/  2-m  stfse 
*  For  '‘other  cement,"  pot  solan,  second  site  of  fine  aggregate,  as  may  be  required 
REMARKS:  Condition  of  mi*,  workability ,  plasticity,  bleeding,  etc 


PLATE  A23 


Water/ (Cement  +  Fly  Ash) 


concrete  required  ron 


REPORT  OF  SELECTION 
OF  CONCRETE  MIXTURE 
PROPORTIONS 

(CRO-C  3> 


SYMBOL 
UNI  Al  NO 


wortlanO  CEMENT.  SVC- mix 
TYNE  J  AOOniONS 

Marquette 


ROZZOlOn  on  OTMEN  CEMENT 

tvn«  None 


FINE  AGGREGATE 


AIR  ENT  ADMIXTURE 

None 

amount' 


Limestone 


COARSE  AGGREGATE 


Tv**  Limestone 


3/4  In. 


MATERIALS 
NONTcANO  CEMENT 


FINE  AGGREGATE 
COARSE  AGGREGATE  >A- 
COARSE  AGGREGATE  <•' 
COARSE  AGGREGATE  <C> 
COARSE  AGGREGATE  ,£>' 


Fibers 

fine  aggregate 

COANSE  AGGREGATE ,Ar 

COARSE  AGGREGATE  <■' 
COARSE  AGGREGATE  «C> 
COARSE  AGGREGATE  >D' 
RATE* 

AIR _ _ _ 

TOTAL 

.  =  0.5 

SLUMR  'll  '*  1.0 

•  LEEPING  %  • 

AIR  CONTENT  |  V1  1 

AIN  CONTENT  ,y« 


SAMPLE  SERIAL  NO 


Steel  Fibers 
CL- 2  MS-1 (2) 
CL- 2  G-l(3) 


MIXTURE  DATA 


,010x. 022x1/2  in 
No.  4  -  200 
No.  4  -  3/4  in. 


MIX  BY 
WEIGHT 

S  S  D  WEIGHTS 
ONE  CU  TO  BATCH 
iLB* 

SOL  IO  VOL 
ONE  CU  YO 
ICU  FT  * 

i  00 

657 

3.341 

0.20 

128 

0.277 

2.26 

1484 

8.808 

2.30 

1511 

8.901 

0.54 

333 

5.683 

mmzm. 

I  4135 

27.000 

|  S  A  A  VOLUME 
T  HtO  UNIT  WT  L 
I  AC  Tu»l  UNIT  WT 
(  T»EO  CEMENT  F 
actual  CEMENT 


i  SP  GR  S'D‘ 

3.15 


ABSORP  ' 

mmm 


SPECIMEN  DATA 
cylinders  1 


1  (  aim  laird  on  the  basit  of 

2  f.»pr'**ed  dj  the  prrcrntagr  of  mttmg  ud Iff  *epaealmg  t'om  the  rnxdrlf  u  hen  ir< 
?  tn  the  entire  batch  at  murd 

I  In  that  poruon  of  the  eonrrete  containing  aggregate  nmalle-  than  thr  II  «n  «irt 
For  '‘other  r  ement,  pottolan,  t  frond  me  of  fine  aggregate  m  w«i>  he  required 
REf/lRK*  Condition  of  mix,  workability .  plaiirity,  bleeding,  eh 


Ml 

PLATE  A28 


iJSnni 


CONCRE  Ti  REQUIRED  * o« 


REPORT  OF  SELECTION 
OF  CONCRETE  MIXTURE 
PROPORTIONS 

(CRO  C  3» 


»»MNOc 
SERIAL  NO 


romtland  CEMENT  sS-C->«2 
TYPE  I  ADDITIONS 
INAND  AN  O  MIC  U  w 


Marquette 

FINE  AGGREGATE 


Limestone 


rozxolon  or  other  cemen 

>»«t  None 

SOU MCE 


Ain  (NT  ADMIT  TuRE 

T  »Pt  Lab  Stock 
-t,.'1  NVR 


COARSE  AGGRl  GATE 


Limestone 


3/4  in. 


MAT C  Ml  *1  S 

►OHTiAND CEMlN* 


B'  .  «  SP  \ 

3.15 


.OARSE  A 

-  JARM  AuGREuATE  R 
:OARSC  AOOME  -.A  '  E  IE. 
'OAHSt  As>i>Ht'.ATk  o 


Steel  Fibers  .010x. 022x1/2  ir 

CL- 2  MS-1 (2)  No.  4  -  200 

CL- 2  G-l(3)  No.  4  -  3/4  in. 


7.65  | 

2.70  ,  0.7 
2.72  ,  0.4 


.  MATf  BlACS 

MIX  0T 

— 

S  S  C  RftOM’C 

SOHO  vot 

*  l  (NDFBS 

BEAMS  I 

R€  ’OH  T 

•  L  H 

•C.jfT  SI  2  F 

SI2F 

RON  »  l.AND  CEMEN  T 

’  00 

715 

3.637 

AGE  1  NO 

A  u( 

RS. 

WRA 

51  oz 

Steel  Fibers 

0.17 

120 

0.251 

! 

ONE  AOGNEGATf 

2.03 

1450 

8.606 

i 

< OARSE  AggNCOA i E  i  A 

1.96 

1400 

8.248 

kOARSf  Ac.  .REOat  i  », 
COARSE  AGGREGATE  it 

L  *5  ANSI  Ac,c.»EUAT|  o 


0.41  i 


4.696 

1.562 

27.000 


..ialrj  .  ■  .i 

!['•  >>tJ  I  •  t*tr  pr 
1  ?4.  rili r*  *>ulfh  ,i 


’ Nf  U  c  EMIN’  * 
_  AC  TyAs,  awci 

■  ai  l*ir  .  .'A.  ,flr  u  hrn  Irt  fr  I  *•»  <  ttl‘ 


a’iu’iiae  ••..it  ! 

'fnili  ii:t  •'*  U if  .ifg’rg./ir  a- 

l,-.V»  lit  1  '  r ,  til  T||l  »  I. 


ii.mriKix  i?*^****- 


PLATE  A29 


REPORT  OP  SELECTION 
OP  CONCRETE  MIXTURE 
PROPORTIONS 

(CRO-C  3) 

■vmwOl 

SERIAL  NO. 


CONCRETE  REQUIRED  POM: 


PORTLAND  CEMENT.  M-C- IM. 

TYPE  X  AOMTIOMB: 

•BAND  AMO  HILL: 

_ Marquette _ 

_ FINE  AGGREGATE 

TV'*  Limestone 


POZZOLOM  OM  OTHER  C(M(NT: 

T'"«  None 

SOURCE 


AIM-  ENT.  AOMIXTuRE 

tymi  Hunts 

AMOUNT1:  Air-In. 


COARSE  AGGREGATE 


TY**  Limestone 


3/4  in. 


MATERIALS 

PORTLAND  CEMENT 


SAMPLE  SERIAL  NO. 


COARSE 
AGGR  {-,) 


BULK  $P  GR  ISSOI 

3715 


_! _ USS_  Fibercon. 

PINE  AOOREOATE _ _ _ 

COARSE  AGOMEOATE  IA) 

COARSE  AOONCOATE  (Ml 

COAWBE  AOQMEO ATE  CCI _ 

COARSE  AOOREOATE  101 


Steel  Fibers 
CL- 2  MS-1 (2) 
CL- 2  C-l  (3) 


MIXTURE  DATA 


■OlOx. 022x1  in. 

Ho.  4  -  200 _ 

Ho.  4  -  3/4  in. 


MATERIALS 

MIX.  BY 
WEIGHT 

S.  S.  D  WEIGHTS 

ONE  CU  YD  BATCH 
\L»> 

PORTLAND  CEMENT 

1.00 

385 

. 

•  Steel  Fibers 

0.31 

121 

PINE  AOOREOATE 

4.20 

1503 

COARSE  AOQREi  ATE  IA) 

4.32 

1664 

COARSE  AOQREOaTE  IE) 

COARSE  AOOREOATE  ICI 

COARSE  AOOREOATE  IOI 

RATER 

AIR 

^(L72 

SPECIMEN  DATA 


SOLlO  VOL 
ONE  CU  YD 

ICUM) 


- iSIib _ I _ l _ _ L  _ L_ 

W'C  IWTI  0^22  _ _ _ _ _ S/A,  %  VOLUME  47  _ 

SLUM*  UN  I*  0.25 _  1  THEO  UNIT  >T  its  CU  PTI  _ 

_MLE_E0INO  i%_|P_  ________  _  _  _ _  _ _ _ ACT  Z  UNIT  »T  IH  CU  PTI  146.3 

AIR  CONTENT  |%|J  6-6 _ TMfO  CEMENT  PACT  ilS  CU  VOi_ 

»flTMT  IV4 _ m  ACTUAW  CEMENT  PAC 

1  CmUuUted  am  tkt  6a*  it  of 

2  EtprnttJ  «s  tke  pertrntage  of  mim|  water  tepormting  from  like  concrete  when  let  led  by  CRD-C  9. 

3  U  ike  mare  botch  ot  mined. 

4  In  th «f  portion  of  ike  concrete  eontmniog  aggregate  t»oller  tkon  the  l-l  '2-tn.  sieve 
*  Ear  “olkor  cement."  potiotoo,  ICCO nd  lilt  o  f  fine  oggregole,  AS  mmj  be  re  gutted. 

REMARKS  Condition  of  mi*,  work  obi  lily ,  plot  He  tty,  bleeding,  tie. 


CYLINDERS 

SIZE 

NO 

aoe 

RSI 

— 

-  - 

MT  sHTm  »» 

PLATE  A30 


i  if  ■ 


REPORT  OF  SELECTION 
OF  CONCRETE  MIXTURE 
PROPORTIONS 

ICRO-C  31 


PROJECT  NAME 


SYMBOL 
SERIAL  NO. 


CONCRETE  RE  QUIRE  O  F  OR 


MIXTURE  NO 


F-5 


materials 


PORTLAND  CEMENT, 

TYPE  X  ADDITIONS 
BRAND  ANO  MILL 


Marquette 


POZZOLON  OR  OTHER  CEMENT 

type  None 

SOURCE 


AIR  ENT  ADMIXTURE 

,,,t  None 

AMOUNT ‘ 


FINE  AGGREGATE 


COARSE  AGGREGATE 


ty'«  Limestone 


Limestone 


sin  3/4  in. 


SAMPLE  SERIAL  NO 


SIZE  RANGE 


COARSE 
AGGR  P 


BULK  SP  GR  iSSD' 


PORTLAND  CEMENT 

USS  Fibercon 

FINE  AGGREGATE 
COARSE  AGGREGATE  <Al 
COARSE  AGGREGATE  id' 
COARSE  AGGREGATE  ICI 
COARSE  AGGREGATE  lOl 


Steel  Fibers 
CL- 2  MS-1(2) 
:CL-2  G-l(3)  _ 


•OlOx. 022x1  in. 
{No.  4  -  200  . 
(No.  4  -  3/4  in. 


0.7 
Q.  A 


MIXTURE  DATA 


SPECIMEN  DATA 


MATERIALS 

MIX  BY 
WEIGHT 

S.  S.  O-  WEIGHTS 
ONE  CU  VD  BATCH 
ILBI 

SOLID  VOL 

ONE  CU  YD 
(CU  FT) 

CYLINDERS 

BEAMS 

SIZE 

SIZE 

PORTLAND  CEMENT 

1.00 

.657 

.  3.341 

NO 

AGE 

PSI 

NO 

AGE 

PSI 

• 

'  Steel  Fibers 

0.19 

....  128 

0,267 

FINE  AGGREGATE 

2.26 

1484 

8.808 

COARSE  AGGREGATE  <A1 

2,30 

1511 

8.901 

COARSE  AGGREGATE  <  B> 

COARSE  AGGREGATE  'O _ 

COARSE  AGGREGATE  lO> 

WATER 

0.54 

355 

5.683 

AIR 

W/Ma 

w/rnm. 

TOTAL 

4135 

27.000 _ 

_ 

•  «'■»!  0.54 

SLUMP  UN  I4  1.25 

BLEEOING  lVa 

AIR  CONTENT  <%IJ.  1.8 

AIR  CONTENT  IV* 


S/A.  x  VOLUME  41 
THEO  UNIT  »T  ILB  CU  FT* 

ACTUAL  UNIT  »T  (LB  CU  FTI  153.1 

THEO  CEMENT  W ACT  (Lt  'CU  Vpl 

ACTUAL  CEMENT  FACT  I  LB  CU  Ypfl  657 


/  Calculoltd  on  At  basis  of 

2  txpmsed  at  At  percentage  of  mixing  water  separating  from  At  concrete  let  ltd  by  CRD-C  9 

3  In  At  entire  batch  at  mixed 

t  In  that  portion  of  the  concrete  containing  aggregate  tmaller  than  the  tie ie. 

For  "other  cement,"  pottolan,  i teond  titt  of  fine  aggregate,  at  may  be  required. 


REMARKS  Condition  of  mix,  norkobility,  plasticity,  bleeding,  etc 


HI  FORM  BO 


PLATE  A31 


REPORT  OF  SELECTION 
OF  CONCRETE  MIXTURE 
PROPORTIONS 

(CRD-C  3! 


PROJECT  NAME 


SYMBOL 
SERIAL  Mi 


CONCRETE  REQUIRED  FOR 


F-6 


MATERIALS 


PORTL  ANO  CEMEN  T.  SS-C  192 
TYPE  I  AODITIONS 

•RANO  AND  MILL 


Marquette 


PO 2  ZOLON  OR  OTHER  CEMEN 

type  None 

SOURCE 


AIR  ENT  ADMIXTURE 

r.PE  NVR 

amoun t i  Lab  Stock 


FINE  AGGREGATE 


COARSE  AGGREGATE 


,p*  Limestone 


,PE  Limestone 


3/4  in. 


materials 

SAMPLE  SERIAL  NO 

SI  2 

E  RANGE 

C  OARSE 
AC.GR  * 

Bl'lh  sp  OR  ■  ;SD 

A0SORP 

PORTLAND  CEMENT 

Fibers 

FINE  AGGREGATE 

COARSE  AGGREGATE  .A> 

COARSE  AGGREGATE  IB- 

COARSE  AGGREGATE  (C> 

COARSE  AGGREGATE  1D1 

Type  I 

CL- 2  MS-1 (2) 

CL- 2  G-l (3) 

,010x. 022x1  in. 
No.  4  -  200 

No.  4  -  3/4  in. 

y/'Z/M'/. 

3.15 

7.65 

2.70 

2.72 

V/'VS/SA  ’-V » -v 

0.7 

0.4 

MIXTURE  DATA 

SPECIMEN  DATA 

MATERIALS 

MIX  8Y 
WEIGHT 

S.  S  O  WEIGHTS 
ONE  CU  YD  BATCH 
<LB> 

SOLID  VOL 

ONE  CU  YD 

ICU  FT  1 

CYLINDERS 

BEAMS 

SIZE 

SIZE 

PORTLAND  CEMENT 

HPS-R 

FINE  AGGREGATE 

COARSE  AGGREGATE  i A ’ 

COARSE  AGGREGATE l«i 

COARSE  AGGREGATE  (Cp^ljgrj 

COARSE  AGGREGATE  >0' 

WATER 
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APPENDIX  B 

TYPICAL  SURFACE  CONDITIONS  OF  SPECIMENS 
AFTER  72  HOURS  OF  TESTING 
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Figure  B2 .  Conventional  concrete,  chert 
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a.  W/C  =  0.72 


Figure  B3.  Conventional  concrete,  trap  rock 
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b.  Slag 


Figure  B5.  Conventional  concrete, 
W/C  -  0.50 
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Figure  B7.  Conventional  concrete, 
limestone,  W/c  =  0.72 


b.  Control  (no  vacuum  treatment) 

Figure  B8.  Conventional  concrete, 
limestone,  W/C  "  0.54 


a.  Low  modulus 


b.  High  modulus 
Epoxy  resin  mortar  coatings 


Figure  B12.  Acrylic  mortar  coating 


Figure  B13.  Furan  resin  coating 


b.  30-ram  hooked  fiber 

Figure  B18.  Fiber- reinforced  concrete,  W/C  =  0.5 
hooked  fibers 
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Figure  B19.  Polymer-impregnated  concrete 


li .  Vinyl  ester 

Figure  R21 .  Polymer  eoncretes 
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APPENDIX  C 

PROPOSED  TEST  METHOD  FOR  ABRASION-EROSION 
RESISTANCE  OF  CONCRETE 
(UNDERWATER  METHOD) 


PROPOSED 

TEST  METHOD  FOR  ABRASION-EROSION 
RESISTANCE  OF  CONCRETE 
(UNDERWATER  METHOD) 

CRD  C  -80 


1.  Scope 

1.1  This  method  covers  a  procedure  for  determining  the  relative 
resistance  of  concrete  surfaces  to  abrasion-erosion  under  water.  This 
procedure  simulates  the  abrasive  action  of  waterborne  particles  (silt, 
sand,  gravel,  and  other  solids).  This  method  is  not  intended  to  provide 
a  quantitative  measurement  of  the  length  of  service  that  may  be  expected 
from  a  specific  concrete. 

Note:  Other  test  methods  for  abrasion  of  concrete,  all  of  which  test  in 

air,  are 

(a)  CRD  C  52  Rotating-Cutter  method 

(b)  CRD  C  58  Sand-blast  method  (ASTM  C  418) 

(c)  CRD  C  60  Rotating  disk.  Dressing  wheel,  and  Ball-bearing  meth¬ 
ods  for  slabs  (ASTM  C  779) 

2.  Applicable  Documents 

2.1  CRD  C  117  Test  Method  for  Resistance  to  Abrasion  of  Small  Size 
Coarse  Aggregates  by  Use  of  the  Los  Angeles  Machine  (ASTM  C  131). 

2.2  CRD  C  145  Test  Method  for  Resistance  to  Abrasion  of  Large-Size 
Coarse  Aggregate  by  Use  of  the  Los  Angeles  Machine  (ASTM  C  535). 

3.  Significance  and  Use 

3.1  This  test  method  is  intended  to  simulate  qualitatively  the  be¬ 
havior  of  swirling  water  containing  suspended  and  transported  solid  ob¬ 
jects  that  produce  abrasion  of  substrates  to  produce  pot  holes  and  related 
effects.  The  significance  and  use  of  the  method  is  to  provide  a  rela¬ 
tive  evaluation  of  the  resistance  of  surfaces  of  concrete  to  such  action. 
The  results  are  expected  to  be  useful  in  selection  of  materials,  mixtures, 
and  construction  practices  for  use  where  such  action  is  to  be  expected. 

4.  Apparatus 

4.1  Rotating  Device  -  A  drill  press  or  similar  device  with  a  chuck 
capable  of  holding  and  rotating  the  agitation  paddle  (see  para  4.3)  at  a 
speed  of  1200  rpm  shall  be  used. 
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4.2  Steel  Container  -  A  steel  pipe,  approximately  12  in.  (304.8  mm) 
inside  diameter  by  18  in.  (457.2  mm)  high,  fitted  with  a  watertight 
steel  base  shall  be  used.  The  details  of  a  typical  steel  container 
being  used  for  abrasion  tests  are  shown  in  Figure  1. 
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Figure  1.  Test  Apparatus  (U.  S.  customary  units) 

4.3  Agitation  Paddle  -  An  agitation  paddle  similar  to  that  shown  in 
Figure  2  shall  be  used. 
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Figure  2.  Agitation  Paddle 


Note:  A  suitable  paddle  is  Model  PS-21  manufactured  by  the  Jiffy  Mixer 
Company,  Inc.,  17981  Sky  Park  Circle,  Suite  G,  Irvine,  California 
92714. 

4.4  Abrasive  Charges  -  Seventy  steel  grinding  balls  as  specified 
in  Table  1  shall  be  used. 


Table  1 

ABRASIVE  CHARGES 


No.  of 

Steel  Grinding  Diameter 

_ Balls  _ in.  (mm) _ 

10  1.00  +  0.05  (25.4  +  0.1) 

35  0.75  +  0.05  (19.1  +  0.1) 

25  0.52  +  0.05  (12.7  +  0.1) 


4.5  Scales  -  A  platform  scale  having  a  capacity  of  50  lb  (22.68  kg) 
or  more  and  sensitive  to  0.05  lb  (0.02  kg)  or  less  shall  be  used. 

5.  Specimens 

5.1  The  test  specimens  shall  be  cylindrical  in  shape,  approximately 
11-3/4  in.  (298.5  mm)  in  diameter  and  4  in.  (101.6  non)  high,  and  may  be 


either  molded  from  concrete  or  cored  from  hardened  concrete.  They  shall 
be  soaked  in  water  for  a  minimum  of  48  hr  prior  to  testing. 

6 .  Test  Procedures 

6.1  Surface  dry  the  specimen,  determine  and  record  mass  to  the 
nearest  0.01  lb  (5.0  g) . 

6.2  Place  specimen  in  the  steel  container  with  the  surface  to  be 
tested  facing  up. 

6.3  Position  the  specimen  so  that  its  surface  is  normal  to  the 
drill  shaft  and  the  center  of  the  specimen  coincides  with  the  drill 
shaft. 

6.4  The  agitation  paddle  shall  be  mounted  in  the  drill  press.  The 
bottom  of  the  agitation  paddle  shall  be  approximately  1-1/2  in.  (38.1  mm) 
above  the  surface  of  the  specimen. 

6.5  Place  the  abrasive  charges  on  the  surface  of  the  specimen  and 
add  water  to  approximately  6-1/2  in.  (165.1  mm)  above  the  surface  of 
the  specimen. 

6.6  Set  the  drill  press  at  1200  rpm  and  start  the  machine.  A  test 
period  of  24  hr  generally  produces  significant  abrasion  in  most  concrete 
surfaces,  but  it  is  recommended  to  extend  the  period  to  72  hr,  if  simula¬ 
tion  of  more  severe  abrasion  is  desired.  Additional  testing  time  may 

be  required  for  special  concrete  that  is  highly  resistant  to  abrasion. 
Weigh  the  specimen  per  paragraph  6.7  at  12-hr  intervals  to  obtain  a  time 
versus  abrasion  loss  curve. 

6.7  The  specimen  shall  be  removed  from  the  container  every  12  hr 
and  at  the  end  of  the  test  period.  Flush  off  the  abraded  material, 
surface  dry,  weigh,  and  record  to  the  nearest  0.01  lb  (5.0  g) . 

7 .  Calculations 

7.1  The  abrasion  loss  is  calculated  by  the  following  equation 


L 


x  100 
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where 


L  =  abrasion-erosion  loss,  percent  by  mass 

=  mass  of  the  surface-dry  specimen  before  test 
=  mass  of  the  surface-dry  specimen  after  test 
8 .  Report 

The  report  shall  include  the  following: 

8.1  Plot  the  time  versus  abrasion  loss  of  at  least  three  test  speci¬ 
mens  and  determine  the  average  line. 

8.2  Record  the  mixture  proportions  (including  cement  content  and 
water-cement  ratio),  types  and  grading  of  fine  and  coarse  aggregates, 

Los  Angeles  abrasion  test  results  (CRD  C  117  and  C  145),  type  and  extent 
of  troweling,  curing  details,  age  of  concrete  when  tested,  specimen 
dimensions,  and  other  information  necessary  to  describe  the  features  of 
the  concrete  and  the  surface  tested. 
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In  accordance  with  letter  from  DAEN-RDC,  DAEN-ASJ  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a  facsimile  catalog 
card  in  Library  of  Congress  MARC  format  is  reproduced 
below. 


Liu,  Tony  C 

Maintenance  and  preservation  of  concrete  structures; 

Report  3:  Abrasion-erosion  resistance  of  concrete  /  by 
Tony  C.  Liu.  Vicksburg,  Miss.  :  U.  S.  Waterways  Experiment 
Station  ;  Springfield,  Va.  :  available  from  National  Tech¬ 
nical  Information  Service,  1980. 

S9,  [36]  p. ,  [17]  leaves  of  plates  :  ill.  ;  27  cm.  (Tech¬ 
nical  report  -  II.  S.  Army  Engineer  Waterways  Experiment  Sta¬ 
tion  ;  C-78-4,  Report  3) 

Prepared  for  Office,  Chief  of  Engineers,  U.  S.  Army,  Wash¬ 
ington,  D.  C. ,  under  CWI  Work  Unit  31553. 
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